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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 O. 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. in Mined Caverns by 

2. Large Scale Permeability Test of the Granite in the Stripa Mine and Thermal Conductivity Test by 
Lars Lundstrom and Haken Stille. (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-707S, SAC-04). 

5. Borehole Drilling and Related Activities at the Stripa Mine by P.J. Kurfurst, T. Hugo-Persson, 
and G. Rudolph. (LBL-70S0, sAC-05). 

6. A Pilot Heater Test in the Stripa Granite by Hans Carlsson. (LBL-70S6, SAC-06). 

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

S. Mining Methods Used in the Underground Tunnels and Test Rooms at Stripa by B. Andersson and P.A. 
Halen. (LBL-70SI, SAC-OS). 

9. Theoretical Temperature Fields for the Stripa Heater Project by T~ Chan, Neville G.W. Cook, and 
C.F. Tsang. (LBL-70S2, SAC-09). 

10. 

11. 

12. Results and Preliminary 

13. Electrical Heaters for Thermo-Mechanical Tests at the Stripa Mine by R.H. Burleigh, E.P. Binna11, 
A.O. DuBois, D.O. Norgren, and A.R. ortlZ. (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-15). 

16. Preliminary Report on Geophysical and Mechanical Soreho1e Measurements at Stripa by P. Nelson, 
B. Paulsson, R. Rachlele, L. Andersson, T. Schrauf, W. Hustrulld, O. Duran, and K.A. Magnussen. 
(LBL-S2S0, 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. Iwal. (LBL-S5l!, SAC-Il). 

lS. 

19. Fracture Detection in Crystalline Rock Using Ultrasonic Shear Waves by K.H. Waters, S.P. Palmer, 
and W.F. Farrell. (LBL-7051, SAC-19). 



20. Characterization of Discontinuities in the Stripa Granite--Time Scale Heater Experiment by R. Thorpe. 
(LBL-7083, SAC-20). 

21. Geology and Fracture System at Stripa by A. Okliewicz, J.E. Gale, R. Thorpe, and B. Paulsson. 
(LRL-8907, SAC-21). . 

22. Calculated Thermally Induced. Displacements and Stresses for Heater Experiements at Stripa by 
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23. Validity of Cubic Law for Fluid Flow in a Deformable Rock Fracture by P.A. Witherspoon, J. Wang, 
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A HEATED UNDERGROUND GRANITIC REPOSITORY. 
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ABSTRACT 

The behavior of a rock mass subjected to a thermal load from 

emplaced. canisters with electric heaters simulating high level 

nuclear waste has been studied using a remote sensing seismic 

technique in a full-scale drift 340 m· below the surface in the 

Stripa mine facility in Sweden. Travel-times and amplitudes of 

20-60 kHz ultrasonicP- and S- waves were measured between four 

diamond-drilled boreholes around a heater, utilizing a cross-hole 

seismic technique over the experiment duration, a period of 750 

days. A laboratory study of physicalproperti.es of the Stripa 

quartz monzonite was performed on 11 specimens from the full­

scale drift using P and S-waves through uniaxially compressed 

core specimens. 
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The P and S-wave velocities (Vp and Vs ) 'ihthe 'f~li-scale exper­

iment involving a single heater were obtained by tran'smitting 

seismic waves from separate P and S piezoelectric crystals, The 

attenuation. Q-l, was obtained by a spectral ratio technique. The 

signals were transmitted in six different directions between four 

boreholes situated at different distances and at different depths 
·"t". - '"': i 

around the heater borehole. Data were collecled primarily in two 

modes. First was the monitor mode, in which the transducers were 

positioned at the heater midplane depth over a period of time. In 

lhe second, or survey, mode the transducers were moved in 0.25 m 

steps between each measurement from lhe 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 saturation 
" ' 

levels. The laboratory values thus obtained of v" , Vs. Qa and QfJ as 
" 

functions of different environmental conditions aided in better 

understanding of the field data. 

Zones of low apparent velocity observed for both P- and S-

waves correlate well wilh zones of weak fractures filled with cal-

cite. When the heater was turned on, the P- and S-wave velocities 

increased rapidly. When the heater was turned off after 398 days 
" '. 

of heating, the velocities decreased rapidly and finally reached 

levels well below those observed prior to the heating of the rock. 

The P-wave velocities along a particular profile were found t.o 

increase linearly wit.h the mean temperature in the profile t.ested, 

," 
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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 

lower. 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-values 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 fractures. From the experiment on partially-saturated gran­

ite, the maximum attenuation was found at a saturation of 65 %, 

It has been shown that a remote seismic technique can give valu­

able information of the behavior of a rock mass. 

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 investjgate 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 mining 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 Energy, through the University of California - Lawrence Berkeley 

Laboratory. The program had several 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 heater 

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 diameter boreholes in the floor of 

some drifts, as indicated in Figure 1.3. The full-scale electric heaters 

were intended to simulate radioactive waste cannister with a heat out­

puts of 3.6 kW (Heater H9) and 5.0 kW (Heater Hl0). 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 

1 
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mm diameter borehole (H9) in which a 3.6 kW heater simulating high 

level nuclear waste had been emplaced. The experi~ent :W~S performed 

340 m below the ground surface in a drift 'especially excavated. ~[or the 

full scale heater test, as shown in Figure 1.4. The full scale drift IS '6 m 

wide and 5 m high, and a special smooth-wall blasting technique was 

used to minimize the influence of the blast effect on the experiment, 

Andersson et at. ,(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 vertical boreholes can be seen. In this figure the smoothness 

of the walls and the the floor is apparent. 

Four 10' m long and 56 rnrn diameter vertical boreholes were drille'd 

in the vicinity of the heater, Figure 1.6. These holes had two purpo~es: 

first to investigate the rock mass before the heater was turned" on to' 
~, . -~ 

locate such geological features such as fracture ~ones, and, second, for 

the cross hole technique to monitor the behavior of the rock mass dur­

ing operation of the 3.6 kW electric heater. 

In Figure 1.8 a cross section of the full-scale heater drift is shown 

along the drift centerline. It shows the boreholes and the detailed geol­

ogy around the H9 heater experiment, with the 406 rnm 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 detailed 

geological mapping. Prominent features include the pegmatite 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 vertical 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 et al. (1980); Chan et al. (1980) 

describe the thermal and thermo-mechanical data obtained. 

The experiments and extensive logging and mapping provide an 

unparalleled opportunity to perform a well-controlled seismic 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 seisinic travel times were read from a digital display 

of the total delay of the signal from the trigger for both P and S waves. 
, ' 

The waveforms were also individually recorded on Polaroid film, and by 

an instrumentation tape recorder for later analysis. The four 56 mm 

diameter boreholes are 2 to'4 m apart, as indicated in Figure 1.6. This 

short spacing, together with the detailed investigation of the geology 

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

provides unique laboratory-type precision and control in an in situ 

cross-hole seismic experiment. Because of this detailed knowledge of 

the geology, temperature, stress and hydrology, 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 have shown that it is possible 

to make a quantitative estimate of the quality of a rock from P- and S-

wave velocities and P- and S- wave amplitude attenuation in the labora-

tory. Anisotropic crack distribution causes elastic anisotropy. Non-

hydrostatic stress may c~use stress induced anisotropy, due to 
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anisotropic closure of cracks (Nur; 1971). Hadley (1976) has shown that 

attempts to correlate velocities calculated from the aspect ratio spec-

trum, obtained with the help of a scanning electron microscope (SEM), 
", 
,'. f 

with velocities measured on rock samples show that the SEM fails to 

detect a substantial number of cavities. Nur and Simmons (1969) have 

shown that the application of uniaxial stress to a' sample' of granite 

causes elastic-wave velocity anisotropy. Compressional waves travel 

fastest in the direction of the applied stress. This behavior is associated 

with microcracks that exist in granitic rock, as was originally suggested 

by Adams and Williamson (1923). Nur and Simmons (1969) have shown 

that at effective (confining pressure minus pore pressure) stressle.ve~~ 

below 100 Mpa, the elastic properties of rocks are controlled mainly by 

the properties of microcracks. Walsh (1965) has indicated that c~ack 

shapes in rock are approximated reasonably well by penny-shaped ellip­

soids, which makes 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 a=-, 
a 

where c is the width and a is the length of the fracture, through 

[1.1 J 

[ 1.2J 

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

initially has a random distribution of cracks with resulting isotropic 
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properties will have non-isotropic properties under biaxial or triaxial 

stress conditions. Seismic velocities, Yp and Vs for both dry and 

saturated rocks decrease with increasing crack density. The ratio Vp/Vs 

is a minimum when the cracks in a rock are dry (Hadley; 1976), the ratio 

increases with increasing saturation. Further more,' a plol of dTp/Vs) 
I' : 

versus Vs uniquely specifies the crack density, as shown by O'Connell 

and Budlansky (1974). Anderson et al. (1974) found that a preferred 

orientation of open cracks, resulting from intrinsic properties of the 

rock, or caused by stress-induced anisotropy, has a marked effect on 

seismic velocities, with the major reduction of velocity observed perpen­

dicular to the planes of open fractures. Cheng and ToksQZ (1979) 

inverted laboratory seismic velocities of various rocks as a function of 

pressure and saturation to obtain spect!"a of pore shapes and sizes. 

In the fields of geotechnology and mining, high-frequency acoustic 

techniques are increasing;ly being employed for site investigation, char­

acterization and evaluation. The classification of rock mass quality and 

site evaluation by seismic methods have been described by Cratchley et 

al. (1972), La Porte et al. (1973) and Sjogren et al. (1979). Stephans-
" 

son et at. (1979) have discussed applications of the seismic method to 

determine tpe depth and degree of fracturing of a rock mass near a free 

surface. 

High-frequency acoustic techniques employed within a borehole 

have been described by Geyer and Myung (1971), Myung and Baltosser 

(1972) and King e.t al. (197?,1978). The application of acoustic borehole 

logs in detectingfractures, for rock classification and in determining the 

in situ elastic properties of rock have been discussed by these workers 

and by Carroll (1966,1969) and Coon and Merritt (1970). 
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The use of acoustic measurements between boreholes for geotechnl~ 

cal purposes has been described by Price et al. (1970), McCann et al. 

(1975) and Auld (1977). Recently, Fehler (1982) discussed the dual-well 

seismi.c experiment used to determine mechanical properties in' a 'geoth-' 

ermal'hot, dry rock experiment at Fenton Hill. Price et cil. employed the' 

work of their results to determine the optimum roc:k-bolt pattern tb'sTa­

bilize a rock mass. McCann et al. used the between-hole' technique t'o 

delineate interfaces between homogeneous media and 'to detect local-

ized, irregular features. They also discussed a means for interpreting 

their data to estimate the degree of fracturing in the rock mass. 

Auld has described instrumentation for, and presented field results of, 

between-borehole acoustic measurements which he then used td deter-

mine the elastic properties of the rock mass. 

The heater experiments in the Stripa mine had a two-fold objective . 
. ~ . 

The primary objective was to make an assessment of the thermal effe'ct 

on a rock mass of emplacing electrical heaters simulating cannisters of 

high-level nuclear waste. The second purpose was to develop instru­

ments and to improve techniques for monitoring a rock mass when a 

thermal load is applied. The intention with the ultrasonic cross-hole 

experiment was first, to investigate the possibilities 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 mapping the physical properties of the rock mass. Cook (1979) has 

demonstrated the importance of developing a remote sensing technique, 

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

'.' 



7 

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. 1.3 An isometric sketch showing the location of the experiment 

rooms at depth of 340 m below surface. 
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Full scale 
;~-___ heater drift 

Full-scale 
heater 

Instrument 
boreholes 

XBL 785-970 A 

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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eBB 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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Fig, 1.6 Plan ~f the drift floor and the boreholes for the H9-heater show-

ing the M6, M7, M8 and M9. 
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Fig . 1.8 Vertical section throU8h the H9 heater hole and parallel to the axis of the drift, showing 
drift, boreholes and geology. The lines connecting the boreholes represent fractures found in core 
from more than one borehole. 
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2. GEOLOGY AND FRACTURE MAPPING. 

The geology at the Stripa mine has been described by Olkiewicz et al. 

(1979). The ore extracted in the Stripa mine was mainly a quartz­

banded hematite, with occasional occurrences of magnetite (Sjustjarne 

maIm). The ore, which has an iron content of 51% and a phosphorus 

content which is low, is stratiform with the leptite . LepUte is a general 

term for a predominantly high-grade metamorphtc volcanic rock, high in 

Si02 and with a grain size between 0.5 and 0 .05 mrn. The oldest rock 

type is the series of grey leptit.es, which is approximately 2000 million 

years. The leptite above the main ore is layered, in contrast Lo the lep­

tite below the main ore which is not layered. The granitic rock in Stripa, 

predominantly a quartz monzonite, intruded the lepUte. 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 1.69X109 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-grained massive quartz mon­

zonite, with an average grain size of 3 mrn. 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 pegmaUtes and aplites, the former were found :in most 

boreholes drilled for the full-scale healer experiment. The quartz 
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Red Stripa quartz monzonite 

Mineral Volume % 

Quartz 37 .1 

Partly sericitised plagioclase 32.0 

Micro cline 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 mrn 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 rnm and 76 rnrn. 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 Nl0E/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 wilh 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 atlenuation 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 al. (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 Yp at frequen-

cies of the order of 50 kHz yield values of about 5500 to 5700 mls under 

ambient conditions. The velocity of compressional waves for a saturated 

rock are not sensitive to the degree of microfracturing. Micro fractures 

are much smaller than the wavelength, and are essentially invisible to 

the ultrasonic velocities. The attenuation measured in the rock reveals .. 
the nature of the fracturing as shown in Chapters 6 and 7. The unusu-

ally low Q-values found in field are confirmed by the low Q-values 

obtained in the laboratory. 
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The pole plots provide a good estimate of the orientation of frac­

tures in the rock mass at large . However, to take full advantage of the 

detailed geological mapping, and the temperature and strain measure­

ments around the heater, a 3-dimensional model was found to be very 

helpful. This was done with the help of a plexiglas model. Paulsson et al . 

(1981) . The problem is bf course to present such data in report form. 

Using the 3-dimensional model six cross-sections were constructed. 

Each 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 ploUed 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 sec t ion from the fullsca le drift in the Stripa pluton. The 

up pe r p h otograph represent 1. 32 mm across and the lower 0 .66 rnm 

acro ss the lon g dir ection. Th e exten sive micro fra cturing b etween each 

grain is apparent. 

Xl)l) 838-6115 
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Fig . 2 .1 b) Thin section from the full scale drift in the Stripa pluton. The 

upper photogr aph 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 838-6:]16 

.J 
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Fig. 2.1 c) Thin section from the fullscale drift in the Stripa pluton. The 

upper photograph represent 1.32 mm across a nd the lower 0 .66 nun 

acrosslhe lo ng direction. Th e exten sive mkro fracturing between each 

grain i's atl.pareont . 
XBB 838-6917 
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Fig. 2.1 d) Thin section from the fullscale drift in the Stripa pluton. The 

upper photograph represent 1.32 mm acro ss and the lower 0 .66 mm 

acro ss the long direction . Th e extensive micro frac turing between each 

grain is apparent. 

X13B 833-6918 

or 
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Fig. 2.1 e) Thin section from a granitic pluton adjacent to the Stripa 

Mine. The upper photograph represent 1.3 2 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. 

Xl)B 838-6919 
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Fig , 2 .1 f) Thin section from a granitic p luton adjacent t o the Stripa 

Mine. The. upp e r photograph represent 1,32 mm across a nd the lower 

0 ,06 mm across the long direction , The m ic ro-f rac turing which was so 

ab u nd ant in t h e St r ip a plut on is n ot fo u nd in this granite, 

XBB 838-6920 
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. Schmidt equal-area pole plot for vertical and horizontal holes H9% occurence 
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Fig 2.2 Pole plots on a Schmidt equal-area stereo nel for all the frac­

tures recorded in oriented core in the H9 heater experiment 
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Fig 2.3 Fracture frequency in core from time scale drift (after Thorpe, 

1979) 
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Fig. 2.5 Vertical cross-section A; M7-M6 showing the boreholes, pegma­

, tite dikes and logged and projected fractures. 
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Fig. 2.6 Vertical cross-section B; M7-M8 showing the boreholes, pegma-

tite dikes and logged and projected fractures. 
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Fig. 2.11 Calcite fracture faulting an epidote fracture in a specimen 

from the fulls cale drift. The faluting of the epidote filled fracture of the 

calcite filled give a relative age makin the calcite fracture the younger. 

The specimen 1S 20 rnm long . 
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1.2). Pegmatite dikes and fractures. The map was constructed from 

directional fracture data logged in core and projected on the midplane. 



- 40-

3. EXPERIMENTAL PROCEDURES AND DATA PROCESSING 

3.1 Drilling, Surveying and Dewatering 

The cross-hole experiment was conducted between four empty; dT~,\ 

vertical boreholes of ten m depth located in the vicinity of the vertical 

heater borehole H9 shown in Figure 3.1. The four boreholes were drilled 

with a small Diamec 250 drill rig with a 56 rnrn thin-wall double-barrel 

TT-bit which yielded 48 mID 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 received strongly depended on the 

size of the contact surface between the transducers and the borehole 

wall. 

The boreholes were surveyed at the collar, in the middle, anp at the 

bottom of the hole with an accuracy of ±0.5 mm in the X, Y and Z direc-

tions. The survey result is given in appendix 3 A. Forty positions for 

seismic transmission reception were located along the length of each 10 

m long M-borehole. The accuracy with which the coordinates for the 

positions was established as ± 1 mID, or 0.05 % for the shorlest 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 Bl, Cl, Dl, El and F1. The depth separation: 

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 semi-

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 

transducer beside a transducer body with the piezoelectric crystals on 

the right hand side of the photograph. 

The transducer housings 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 excite 

the transmitting transducers. It also generated a synchronizing pulse 

which coincided with the rise of the high voltage pulse. The synchroniz­

ing pulse was then used as a trigger for the transmission time measure­

ments, on the oscilloscope and on the tape recordings. The high volta:ge 

pulse was generated by discharging a capacitor through the primary of a 

step-up transformer. A silicon-controlled rectifier (SCR) acted as a 

switch to initiate current flow. The SCR was triggered by -an internal 

oscillator, the frequency of whlch controlled the pulse repetition rate. 

The pulse repetition rate was set low enough frequency to allow time for 

the ultrasonic signal to dissipate between pulses. The period of the 

repetition rate was 30 milliseconds. A block diagram of the equipment is 

shown in Figure 3.2. Separate compressional (P) and shear(S) wave 

transducers of nominal 220 kHz resonant frequency were use'd as 

transmitters and receivers of pulses of acoustic energy in the boreh6les. 

,Figure 3.5 shows the field equipment. Note the transducers in the 

. hands, both similar looking and made up of two semicylinders. The thin 

metal pieces protruding from the aluminum housings are the rods that 
, 

operate the worm screw forcing the two semi-cylinders apart. The 

equipment from left to right consists of the switchbox for the P or 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 112 inch-diameter 

pipe. The pipes were in 1.5 m sections to make them easy 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 6.2 

J.LS for the P-wave pulses and 11.3 J.LS for the S-wave pulses. 

A test of the transmission pattern and signal delays for different 

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 mls (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 lines which are in the heater midplane. The reference line 

proved to be very helpful for detecting bad transducers or other prob­

lems. The equipment used was a prototype with some flaws. The alumi­

num transducer housings were not rigid enough; they flexed slightly dur­

ing each jacking 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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transd ucers, 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 they 

were repaired and the experiment was repeated. 

The possible effect of heat on the characteristics of the transa.1.lcet,s 

was investigated by placing cool transducers at the midplane in bore 

holes M7 and M6 for 6 hours, and monitorIng the travel times.' It~was 

concluded that in the temperature range experienced in the"" Strip a 

experiment, from 10 - 1100 C, temperature changes did not alter the 

transducer performance significantly. 

A rev~rse profile was also run, and it was found that reversing the 

transmission direction did not alter the results. 

The P- and S- wave received signals were displayed on an" osciUo­

scop~"'screen and recorded in analog form on an instrument~tlori. AM 

tape recorder for later analysis in the laboratory. The arrival time was 

obtained by delaying the signal to the zero time line and recording the 

digital "display of the delayed time. Typical oscilloscope traces" for 

boreholes 2.B 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 f..LS, based on 

picking the arrival time for the same wave several times. This 

corresponds to a preCision of 1 part in 7000 or 0.014 %. Together with 

the uncertainty in the coordinates for each data point one obtains a 

total accuracy of better than 0.1 % of the travel times calculated. In the 

case of MB-M6 were the P-wave velocity was approximately 6000 mis, 

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 

there 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 only be performed twice. This part of the cross hole experi~ent 

will not be further discussed in this report because there were 

insufficient funds to analyze data. The fourth mode is the down-hole , 

survey. This was performed only a few times because limited availability 

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 M6. The second transmitter was placed in borehole M7 and 

directed towards borehole M9. While the two lines M8-M6 and ,M7-M9 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 approximately 100 recordings 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 possible to collect as 

much data before heating of the rock started as one would have desired. 
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When the 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·heat'i~r 

experiment. During the "steady state" part df the heater experiiriert£, 

seismic data were collected on a biweekly schedule. Finally, wheniheH9 

heater was turned off, data were collected twice a day in the heater rnid-

plane for a period of two weeks. 

The second method by which data were acquired was in the survey 
r . 

. mode. The principle of this mode is shown in Figure 3.5. Only the 

transmission lines of the surveys of the profiles M8-M6 and M7-M9 are 

shown. Surveys were made over all six profiles. Emphasis was placed on 

the two main profiles, over which survey data were collected most fre-
.' 

quently both in space and in time. Ten surveys were made over these 

two profiles during the course of the experiment. For the remaining 

four profiles, five surveys with less dense sampling vertically were per­

formed. It will be clear from the plotted curves how frequently in the 

vertical direction the data were collected. 

From the cross-hole surveys one can, first, correlate the low velocity 

zones with geological features and second, see the different- response of 

the rock as a function of vertical and horizontal distance 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 described the equip-

ment shown in Figures 3.8 and Figure 3.9. Two surveys were performed 

with the down-hole instrument. The first was performed in May, 1978, 

before the heaters had been turned on. This was also before de-watering 

of the rock mass had been started. The second survey was performed in 



.. 

... 

.. 

47 

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 h~ndle 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 

the same tape recorder used in field, thus providing the connecting link 

between the field work and the analysis of the data. All the waveforms 

and amplitude spectra. were g~nerated on the minicomputer and 

transferred 1;0 paper via the hard copy unit. 

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

lines were computedfrom the X,Y and Z coordinates by, 

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 

true 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 

elastic, homogeneous and isotropic, 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 in 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;:neld were 

played back in the laboratory and digitized. The procedure~ to d~iculate 
~ ,-

the Q-values is a rather involved and requires several steps. The initial 

step is of course to record the signals in a fashion such that the Fourier 

amplitude spectra can be calculated. The ultrasonic signals were 

recorded on the instrumenlation tape recorder at a speed of 15 ips in 

ord(';)r ~or 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 

signal several time without replay the tape. The tapes were then 

replayed 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 and digitized. The signals were averaged at least 4 times to 

improve the signal/noise ratio. In ~'igure 3.10 is shown the difference 

between a signal only digitized once and the same repetitive signaldigi-

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 

consequently the signal/noise ratio should improve as VN. By taking 

the 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 ..IN. 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 J.lS. That means that the minimum 

time to sample one waveform is 3.3 x 10-3 seconds. In reality it takes 1 -

3 seconds or 103 times as long. The bulk of this is composed of the 

transfer time from the DPO to computer. 

Following digitization, the signal was windowed with a 70 f..ts 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. 3.2 Detailed diagram of a cross hole transducer. The only difference between the transmitter 
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Fig. 3.3 Photo of transducers. The left transducer is assemble d, except for the top, which appears 
to the left of the aluminum housing. In the middle a a luminum housing is shown. To the right the 
PZT- crystals are shown with the P-wave crystal on top and below the t wo halves of the S-wave cry­
stal. 
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Fig. 3.5 Fie ld equipment and oper a t or 
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Fig.3.? Isometric drawing of experiment site with the surveying lines for section E and F shown. dis­

tance between each line is 0.25 m 
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4 THERMAL AND THERMOMECHANICAL HISTORY 

The Stripa heater experiment was closely monitored by thermocou~ 

pIes, stress gauges and extensometers. The water inflow to the instru­

ment holes was recorded when the water was removed on a daily basis 

during the course of the experiment. The 3.6 kW H9 heater was turned 

on 28 August, 1978, at 1400 hours for a period of 398 days, until 26 Sep­

tember, 1979, at 1400 hours. Approximately 50 million measurements 

were made with all these instruments, Chan et al. (1980). The result is 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 data is compiled from the 

Stripa data base and from reports published in the SAC-report series 

published by Lawrence Berkeley Laboratory. 

De-watering of the rock mass which has been described in detail by 

Schrauf et al. (1979) and Nelson et al. (1981) commenced 41 days prior 

to the the turn-on of heater H9. The dewatering of the rock mass was 

performed on a daily basis for a total of 586 days: 545 days after the 

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

heater. 

There were thus two active processes occurring in the rock mass: 

heating and dewatering, which changed the properties of the rock sur­

rounding the heater hole and the dewatering holes. The change of the 

rock mass property due to heating was fairly well understood, and 

theoretical calculations of the temperatures 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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di.splacements, but their general behavior was in accordance with the 

theoretical model. A likely reason for the measured displacements being 

smaller than estimated is that the bulk of the thermal expansion was 
, 

probably'absorbed by the abundant fracturing of the Stripa quartz mon-

zonite. There were however no predictions of the effect of the dewater-
'; " .',-' 

ing, and it will be shown in Chapter 6 that the effect of withdrawing the 

pore fluid as was done in the Stripa experiment has a profound:1cin:g-
term effect on the properties, both around the heater and deeper in the 

rock mass. 

4.1 Temperatures 

The theoretical temperature fields have been describ_ed by Chan et 

al. (1978). The measured temperatures followed the theoretical predic-

tions closely in most cases. In Figure 4.1 the measured temperatures in 
'. ! \ 

the heater midplane at four different radial distances from the heater 
. I 

are shown. The heater had a radius of 0.2 m which should be deducted 
. I. 

to obtain the distance from the heater wall to the thermocouple. The 

four thermocouples are 0.20, 0.69, 1.30 and 2.79 m from the wall of the 

heater, respectively. 

The travel times recorded in the heater midplane during the course 

of the experiment. depend on the average property' of the material 

between the transmitter and the receiver. The temperature distribution 

has a steep spatial gradient. There are however, 15 thermocouples in 

the heater midplane within a radius of five m from the heater. Seven of 

the thermocouples are within one m from the H9 heater where the ther­

mal gradient is steepest. The thermal data are used in Chapters 5 arid 6 

to establish the temperature - compressional velocity relationship. The 
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boreholes, and their position is given in table 4.1. 

Temperature gauges in the heater midplane 

bore- sensor sensor 

hole number label 

T13 86 T13C 

T14 91 T14C 

T15 96 T15C 

T16 101 T16C 

T17 106 T17C 

T18 111 T18C 

E6 122 TE6F 

E7 125 TE7G 

E8 26 TE8B 

E9 30 TE9B 

El0 34 TE10B 

E19 48 TE19A 

E19 47 TE19B 

E19 46 TE19C 

E19 45 TE19D . 

cylindrical 

coordinates 

rho z 

.40 357.6 -.01 

.89 000.0 .00 

.68 44.1 -.01 

.50 186.0 .00 

.81 226.2 .00 

.62 314.7 .00 

1.00 180.9 .18 

2.00 180.4 .01 

2.99 180.3 .02 

1.50 225.2 .14 

2.51 225.0 .01 

1.23 89.5 .05 

2.4B 89.B -.01 

3.47 89.9 -.06 

4.97 B9.9 -.14 

Table 4.1 

depth 

[m] 

4.27 

4.30 

4.25 

4.15 

4.23 

4.32 

4.03 

4.33 

4.30 

4.10 

4.25 

8.69 

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 

B.90 

B.90 

B.90 

B.90 

63 
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For each of the days on which the transit times for the seismic 
. ) . 

waves were recorded, the radial distribution of the temperature from 

the H9 heater was projected onto the 4 lines which constitute the heater 

midplane monitor lines. Using the recorded temperature from \he 15 

thermocouples, a standard cubic spline routine was used to interpolate 
.,.: ." .. 

the temperatures for points at a radial distance between thermocouples. 
:".' 

One hundred equally spaced points between the boreholes in the four 

lines, M7-M6, MB-M9, MB-M6 and M7-M9 were calculated and the radial 

distance for each of t1;le points was used to find the corresponding tem­

perature from the cubic spline routine. Having obtained the tempera­

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

1 100 
T. - -'" T. d. - 100 n~1 r,d. 

[4.1 ] 

This was performed 103 times correspondil1:g to the days when 

seismic monitoring da tawere collected. In Figure 4.2 the average tem­

perature in the four lines is shown. Note especially the rapid incr~ase of 

the mean temperature when the heater was turned on, and the equally 

rapid decrease of the mean temperature when the heater was tur~ed off. 

There are approximately 75 thermocouples in the rock mass around 

the H9 heater hole within a radius o,f 4.0 m. These data were used to plot 

the temperature distribution in all the six cross sections A-F. In Figures 

4.3 - 4.B these temperature distributions for the the last day of opera-

tion of the 3.6 Kw heater are shown. Also shown on top of each 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.B. The temperature distributions over these cross-sections are impor-

tant in interpreting the surveying 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 lhermally-dependent properties of the Stripa quartz mon­

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 healer day 398 in Figure 4.10 for a finite-length 

line-source utilizing a finite element technique 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 

the 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 lhe angle 

between the radial projection and the lines are shown in Figure 4.11 and 

4.12. The thermal 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 a" and aT as ax and ay 

to conform with a two dimensional rectangular system. In Figure 4.15 

the geometry changing the axes is shown. 

[4.2J 
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Thermal stresses from thermally dependent coefficients 

as function of distance from center of H9 
Distance aT a." az Distance aT a" -az 

[m] [MPa] [MPaJ [MPa] [m] [MPa] [MPa] _ [MP~] 
: .. :i-;-, ' 

0.20 0 2.10 14.2 5.5 5.5 

5.0:: 
-:,", ' .. { 

0.30 23.5 2.20 13.0 - -- , 5.0' 

0040 35.0 49.0 54.0 2.30 12.5 -4',7 '4.8 

0.50 37.0 39.0 43.0 2.40 12.0 4'.4 4:5\ 

0.60 35.5 30.0 35.0 2.50 11.2 4'.1- 4.0' 

0.70 33.2 23.5 29.5 2.60 10.9 3.9 3:9 

--

0.80 31.0 20.5 25.0 2.70 10.2 3.6 3.6 

0.90 29.2 17.5 21.5 2.80 9.6 '. 3.4 3.4-

1.00 27.2 15.3 18.0 2.90 9.4 3.2 3:2 -

1.10 25.5 13.5 16.5 3.00 9.0 3~0 , .- 3:()' 

1.20 24.2 12.5 14.5 3.10 8~4 2.9 2.9 

1.30 22.0 10.5 12.3 3.20 8.3 2.8 2.8 

1.40 20.7 9.5 11.0 3.30 7.9 2.7 2.7 

1.50 19.5 8.5 9.5 3.40 7.5 2.6 2.6 

1.60 18.5 8.0 9.0 ' 3.50 7.20 2.5 ." 2.5 

1.70 17.5 7.5 8.0 

1.80 16.5 7.0 7.5 
''''!'-

1.90 15.5 6.5 6.5 . "~" 

2.00 15.0 6.0, 6.0 

Table 4.3 
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[4.3J 

and 

[ 4.4J 

by adding the first two equations one finds: 

[ 4.5J 

and from that follows that 

[4.6J 

because 

[4.7J 

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

Up is the stress which is parallel to the lime M8-M6, and at is the stress 

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 ploUed. 

The analytic solution for the thermal stresses for an infinite hollow 

cylinder should provide a reasonable approximation in the heater mid­

plane. Formulae for the radial displacement U T and the radial, tangen-

lial, and axial stresses, aT' aTJ, and a z are derived from the equations 

given by Timoshenko and Goodier (1951) for an in finitely long hollow 

cylinder with an internal radius, a. and an external radius. b. subjected 

to a radial temperature distribution T(r): 
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M8-M6 

Thermal Stresses 

Distance e u T u'6 up at T 

[mJ [degJ [MPa] [MPa] [MPaJ [MPaJ [MPaJ 

2.07 14.0 14.0 6.0 13.5 6.5 -1.88 
1.88 15.0 15.5 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 24.7 -5.1 
0.64 50.5 34.0 25.0 28.6 30.4 -4.4 
0.53 67.0 35.5 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 32.4 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 26.7 24.8 -5.2 
0.94 31.5 28.5 16.0 25.1 19.4 -5.6 
1.11 26.3 25.5 13.5 23.1 15.9 -4.8 
1.29 22.5 22.0 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 16.6 8.4 . -2.9 
1.86 15.5 15.5 6.5 14.9 7.1 -2.3 
2.05 14.0 14.0 6.0 13.5 6.5 -1.9 
2.22 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. 

rr b 

aE 1 lJ r2-a
2 J aT = ---=- "2 T{r )rdr - 2 2·· T{r )rdr 

1 v r a b -a a 
[ 4.9J 
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M7-M9 

Thermal stresses 

Distance ® aT afJ ap at T 

[mJ [degJ [MPaJ [MPaJ [MPaJ [MPaJ [MPaJ 

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 8.5 3.0 . -0.8 
2.88 8.4 9.4 3.2 9.3 3.3 -0.9 
2.67 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 4.8 12.2 5.1 -1.4 
2.08 

\ 

11.3 14.2 5.5 13.9 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 
1.12 21.3 25.5 13.4 23.9 15.0 -4.1 
0.94 25.0 28.5 16.0 26.3 18.2 -4.8 
0.76 31.5 32.0 21.5 29.1 24.4 -4.7 
0.60 42.3 35.5 30.0 33.0 32.5 -2.7 
0.47 59.0 37.0 42\5 41.0 38.5 +2.4 
0.41 83.5 35.0 49.0 48.8 35.2 +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 

r T b 

aE 1 [ f r2+a
2 f afJ = -_- 2 T(r)r2 - T(r)rdr - 2 2 T(r)rdr 

1 v r a b -a a 
[4.10J 

and 

r b 

(}z = aE_[T(r) - 2
2v 

2 f T(r )rdr 
l-v b -a a 

[4.11 ] 
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Compressive stresses are positive. a = linear coefficient of thermal 

expansion, v = Poissons ratio, E = Young's modulus. 

In the case of an infinite medium, b ..... 00, and the temperature 

decrease monotonically as function of r, 

b 

lim 1 !T(r)rdr = 0 
b .. co b 2 -a 2 a 

and the equations reduce to : 

and 

where 

l+v Tr ""r = -- a 
1-v 

(J = aE T 
T 1-v 

a." = aE (T-T) 
1-v 

aET 
1-v 

T 

T(r) = ~ !T(r)rdr 
r a 

[ 4.12J 

[ 4.13J 

[ 4.14J 

[4.15J 

[4.16J 

[ 4.17J 

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 equations quoted 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 et al. (1980 b), however , that there is a con­

siderable temperature dependence of all the pertinent parameters: 

Wollenberg et al. (1981) found from an investigation of thin sections 

of the Stripa granite that microfractures were abundant throughout the 

rock, and found between each crystal. As the rock mass is heated, ther-

mal expansion increases the normal stress on fractures, and depending 

on the orientatjon 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 adjacent to the heater. This 

results in a less homogeneous rock mass upon heating, with more closed 

fractures near the heater. In Figure 4.18 a visual example of a fracture 

unde'r three different stress conditions is shown. Under a small normal 

stress the fraCtures are long and only a few asperities are in contact. 
" , 
The aspect ratio is small and the fracture close easily. Wh~n the normal 

stress fncrease the aspect ratio of the fractures is increasing and the 

fra'ctuTes become more and more difficult to close. The effect of stress 

on 'a fracture is one of the fundamental questions in rock mechanics and 

geophysics. The fractures, microscopic and macroscopic, are of primary 

importance in determining to rock properties under in situ conditions . 

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

Timur (1977), has discussed the temperature dependence of P and 

S-wave velocities: the values he reports for saturated Berea sandstone, 

subjected to 34.5 M~a confining pressure, are a P-wave velocity decrease 

by 1.59 % per 100 0 C, and a S-wave velocity decrease by 1.18 % per 

1000 r;. The reported porosity for the Berea sandstone is 17 %, but 
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similar results were reported for a carbonate 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 concomitant 

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

4.3 Field Stresses 

Field stresses playa very important role in all geophysical surveys 

in situ. The major problem is that it is difficult to obtain a reliable esti­

mate of the direction and the magnitude of stresses in a rock mass. This 

is partly due to the fact that most techniques used measure the stress 

over a very small volume. There are however geological indications of 

stresses as well. So there are two methods for determining field stres,ses 

which are applicable to the work in the Stripa full-scale drifL. The, fi!,st 

is the search for geological phenomena which can provide an indicat~on 

of the stress directions. The indications provided in the H9 heater area 

are the fault directions and the pegmatite dikes. In Figure 4.19 the 

faults mapped on the wall in the extensometer drift are shown. Also 

shown in this pole plot are the major pegmatite dikes found on the north 

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 

Hi 0 areas. The polar representation of pegmatite dikes A and B from 

core and map data from the full-scale drift are also shown. In Figure 1.6 

it is clear that the faults H9-1 and H9-2 are reverse faults. In Jaeger and 

Cook (1979) it is shown that these kinds of faults indicate a principal 

compressive stress al which is horizontal and perpendicular to the 

strike of the fault. The minimum principal stress a3 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 principal compressive 

stress ul being horizontal. In strike-slip faulting the intermediale stress 

is vertical and the minor principal stress being horizontaL From the 

steeply dipping pegmatite di.ke the direction of the minor prindpal 

stress at the time of intrusion of the dike can be inferred as -being nor­

marto 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 caused the faults and determined in which direc-

tion the dikes went, certainly disrupted the rock mechanically; that disr­

uptio'n remains. Doe et al. (1981) and Doe (1982), measured the field 

stresses with both- overcoring and hydro-fracturing techniques. There is 

a 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 

: "cro'ss-hole lines A - E. . Doe (1982) reported a maximum stress which is 

close to horizontal, but directed in a north"eastern direction, as seen in 

Figure 4.21. The boreholes for the stress measurements in Figure 4.21 

were drilled between the H9 and H1 0 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 drifts, but the degree 
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of their influence is not clear. In Figure 4.22 the principal stress distri-

bution around the full-scale and extensometer drifts is shown, as calcu-

lated from far field measurements, Chan (1981). The field stresses 

influence the seismic velocities and attenuation, so these results will be 

used in later chapters. 
'" .. 

_J ~ 

4.4 Dewatering of the rock mass 

The dewatering of the rock mass has been described in detail by Nel­

son et al. (1981). The purpose of the dewatering system was to remove 

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 

4.23 -4.25 from Nelson et 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 carefully 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 Date Boreholes 

M6 M7 M8 M9 

[1 (ml/day)] [1 (ml/day)] [1 (ml/day)] [1 (ml/day)] 

0 24 Aug.1978 0 2.0 0.3 2.0 

20 13 Sep.1978 0.25(13) 3.0(150) 1.0(50) 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(6) . 11.0(136) 

398 26Sep.1979 2.2(34) 0.55(8) 2.1(32) 7.0(108) 

626 11 May 1980 3.78(17) 10.42(46) 5.38(24) 15.4(68) 

677 1 Ju1.1980 4.24(83) 8.62(169) 4.36(85) 22.35(438) 

699 23 Jul.1980 1.33(60) 0.39(16) 0.91(41) 5.0(227) 

706 30 Jul.1980 0.12(17) 0.05(7) 0.25(36) 1.33(190) 

~. 20.1 39.5 21.4 89 

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

Table 4.6 

closure of the fractures the permeability decreases drastically. In frac-

tures however, which are intersected by boreholes the pore fluids can 

escape into the boreholes. Morrow et al. (1981) showed that the permea­

bility of a granite was reduced between 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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temperature reached a maximum of approximately 300 0 C. Morrow et al. 

(1981) showed that in the case of a temperature of 200 0 C the permea­

bility decreased one order of magnitude in a specimen of Westerly gran­

ite over one month. Around the H9 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 C1 in Figure 

4.24, the water inft.ow follows a more complicated pattern. The inft.ow 

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 inft.ow was observed to stop almost completely. Nelson et al. 

(1981) observed that the boreholes in the end of the drift had a much 

higher inft.ow during the course of the experiment. There are two possi­

ble reasons for this higher water inft.ow. The first is that 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 boreholes are 

also the farthest from the H9 heater and thus are not subjected to the 

high temperatures close the heater. In Figure 4.25 the water inft.ow 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 srn.all reduction (a few percent) in saturation from 100 %, 

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. (J981) considered 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 ml of water which· 

flowed into the holes after the H9 heater was turned 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 et 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 et 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 

crystalline rock is determined by the presence of fractures and their 

apertures, as indica ted 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 10-5 ° C-1
, results in a thermal 

expansion of 0.2 mm for a 2 meter line. This is not sufficient Thls 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 water in the C, U and Tholes 

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 

[IJ 

Cl 2.9 
C2 51.6 

T13 0.1 
T14 0.9 
T15 1.0 
T16 2.7 
T17 1.6 
T18 0.4 
Ul 0.3 
U2 14.2 
U3 54.3 
U4 0.4 
U5 0.4 
U6 0.5 
U7 7.0 
U8 34.8 
U9 21.7 

Ul0 8.6 

L; 203.4 

H9 19.1 

M-holes 170.0 

Total L; 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 et al. (1981) also finds 
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the permeability 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 injection 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 Stripa quartz monzonite. The mercury porosimeter meas­

ures the intrusion of mercury into the pores and, assuming a Hg-rock 

mineral contact angle of 1300
, (Good and Mikhail, 1981) the width of the 

opening can be calculated from the total pressure in the vessel where 

the specimen is submerged in mercury. A review of the principels and 

apparatus involved in a mercury intrusion test is given by Orr (1969). 

Using the volume expelled from the pores as function of decreasing 

pressure, 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 Chapter 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 
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MERCURY INTRUSION AND PRESSURE DATA 

Stripa Quartz monzonite, borehole E21 

Sample weight; 5.1635 gram 

Date; Sept. 16 1982 

(1) (2) (3) (4) (5) (6) (7) 

Hg head Gauge Gauge Absol. Meas. Blank Corr. 

Pressure Reading Reading Pressure Intrusion Correction Intrusion 

Correction 0-15 Uncorrected 
(psia) (psia) (psia) (psia) (cc) (cc) (cc/g) 

-4.84 6.0 1.16 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 6.22 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 
-4.76 25 34.94 0.006 0.0 0.001162 
-4.76 75 84.94 0.006 0.0 0.001162 
-4,75 150 159.95 0.007 0.0 0.001356 
-4.74 250 259.96 0.008 0.0 0.001549 
-4.74 500 509.96 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 0.002905 
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 0.001549 
40000 0.009 0.004 0.000968 
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) 

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 

1. Wt. of penetrometer, empty g. .. ' 
2. Wt. of penetrometer, filled with mercury, g. 

3. Wl. of sample, g. 

4. wt. of penetrometer with sample and mercury, g. 

5. Displacement volume of sample (2 + 3 -4) 113.55, cc. 

6. Apparent Density, g./cc. 

7. Real density g.l cc. 

8. Apparent volume of sample, (3/6), cc 

9. Real volume of sample, (3/7), cc. 

10. Total pore volume of sample, (8 - 9), cc 

11. Total porosity of sample, 100*10/8, % 

Table 4.9 

63.87 

157.91 

5.1635 

135.88 

2.008 

2.571 

2.590 

2.008 

1.994 

0.014 

0.72 

81 
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82 

R=0.89 

R=2.99. 
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XBL 837 - 2153 

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. 
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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 from 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 midplane. 



0.25 

1.25 

2.25 

3.25 

4.25 

E 

-E 5.25 
a. 
Q) 

CI 

6.25 

7.25 

8.25 

9.25 A37 

10.25 

84 

M6 M7 

20 

1 1 o 1 2 
Distance (m) 

XBL838-21" 

Fig. 4.3 Temperature distribution in cross section M7-M6 at day 398 after H9 heater turn-on. This 
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Fig. 4.4 Temperature distribution in cross-section M7-M8 at day 398 after H9 heater turn-on. 

85 



0.25 CI 

1.25 

2,25 

3.25 

4.25 CI7 -E -~ 
Q. 5,25 
Q) 

o 

6,25 

8.25 

M6. .M7 
°H9 

M9.· eMS 

M9 M8' 

---20° 

9,25 C37 

10.25 1 
o 

1 
1 2 3 
-Distance (m) 

4 

XBL 838-2194 

Fig. 4.5 Temperature distribution in cross-section M8-M9 at day 398 after H9heater turri'~on.· 

86 



." 

0.25 01 

1.25 

2.25 

3.25 

4.25 

-E -; 5.25 
a. 
Q) 

o 

6.25 

7.25 

8.25 

9.25 037 

10.25 

M9 

1 
o 

) 
___ --_~M6 r---__ 

200 --#---

I 
I 2 

I 
3 

Distance (m) 
XBL 838-2193 

Fig. 4.6 Temperature distribution in cross-section M9-M6 ,-t day 398 after He heater turn-on. 

87 



88 

M6 H9 

0.25 

1.25 

2.25 

3.25 T 
~ 

4.25 Q) -0 
Q) 

E 
I - 1 £: 5.25 

Q. 
Q) 

0 

6.25 

7.i5 

8.25 

20 
9.25 E37 

.. 
10.25 I I I I 

0 2 3 4 
Distance (m) 

XBL 858 - 2168 

Fig. 4.7 Temperature distribution in cross-section M8-M6 at day 398 after H9 heater turn-on. 
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Fig. 4.10 Radial, tangential and axial thermal stresses for H9 heater at day 39B calculated from 
thermally-dependent material properties (see Fig. 4.3) 
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Fig. 4.13 Radial, azimuthal and vertical thermal stresses along line MB-M6 before the heater turn-off 
at day 398 . 
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Fig. 4.14 Radial, azimuthal and vertical thermal stresses along line M7-M9 before the heater turn-off 
at day 398 
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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 difiicult to close. 
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Schmidt equal-area pole plot for fractures'on wall in Extensometerdrift 
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Fig. 4.19 Direction of faults and dikes mapped on the north-western w~ll in the extenso meter drift 
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Schmidt equal-area pole plot for principal stress directions 
p'egmatite dikes and faults in the fullscale and extensometer d;ifts 
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Fig. 4.20 Schmidt equ/ill-area pole plot for principal stress directions, pegmatite dikes and faults in 
H9 heater area are shown. Also th~ direction of the 6 ultra sonic cross-sections. 
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Fig. 4.21 Principal stresses measured in the . full-sc ale and extenso meter drifts. The filled symbols 
indicate results from overcoring from a vertical hole, BSP-l, drilled between the H9 and HID 
heaters. The open symbols indicate results from overcoringin a horizontal hole, BSP-3. The lines 
represent stereographic projection of planes of hydro-fractures fu a horizontal borehole BSP-2, also 
drilled from the extenso meter drift between the H9 and HID experiments. After Doe (1962). 
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Fig. 4.22 Principal stress distribution around full-scale and extenso meter drifts as calculated from 
far field stress measurements, after Chan (personal communication). . 
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Fig: 4,24 Water inflow record for He ,area U- and C-holes, The water flow increase after the turn-on 
of the He, heater at day 0, is seen in most of the boreholes in this figure, Also seen is the gradual 
decrease of inflow of water in the Cl and C2 boreholes, The map on the right hand side of the figure 
shows the position of the boreholes in the figure, (~ ~t.~ cJ 0.&. I~'f) 
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Fig. 4.26 Viscosity and specific volume of water as a function of temperature. Viscosity data from 
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5. TRAVELTIME VARIATION 

Introduction . '"!. 

Elastic wave velocities have been viewed as a potential means to 

monitor physical changes in a rock mass. In this section results from a 

cross-hole field study will be presented. The work is divided into three 

sections; In the monitor mode,' data are collected frequently at the level 

of the heater midplane to monitor changes with increasing time. In the 

survey mode the six c'ross-sectionsbetween the four boreholes are 

scanned starting 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 O.3m 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 investigate the potential of cross­

hole velocity measurements as a means to extract information about the 

medium heterogeneity including fracture zones. A second objective was 

to investigate the sensitivity of velocities and attenuation of elastic 

waves. to saturation, pore pressure and field stresses, as they change 

over .the course of the experiment. 

Discontinuities, both macroscopic and microscopic, are affected by 

the state of stress, insofar as fractures tend to close under increased 

normal stress. This leads not only to increases in wave velocities but 

also to decreases in the attenuation of seismi.c 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 latter have 

been labeled from A through F. 

Cross-sections 

Label Cross-section Distance Profile Delay 
between Direction of 

boreholes waveforms 

[mJ [J.LsJ 

A M7'"M6 2.248 N52E 330 

B M7-M8 2.679 N62W 400 

C M8-M9 4'.395 N51E 690 

D M6-M9 2.775 N16W 400 

E M8-M6 4.181 N89E 650 

F M7-M9 4.202 N14E 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. 

.. 

• ~ : f 

... , 



111 

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 as 

possible. The monitor mode emphasised frequent sampling of data in 

time. Thus only a few lines (i.e A17, C17, E17 and F17) could be sampled. 

The four lines sampled are shown in Figure 3.1. The transmitters were 

placed in boreholes M7 and Me 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 Figure 

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 remained fairly constant until the heater was turned off on day 

398. The velocity increase in the heater midplane varies between 60 and 

200 mls for the four monitor lines. 

When the H9 heater was turned off travel-times were closely moni­

tored. The velocities decreased sharply to values 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 

heater 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 
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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 lines 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 these figures the traces have been delayed by a fixed 

time which is given in Tabl~ 5.1. This was done to obtain a' clear picture 

of the wavelet, given a fixed data window. The waves were digitized from 

the tape 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 contrast to the monitor lines, each of the signals in the reference line 

are collected with transducers which were reset between each recording. 

The velocity change of the compressional waves for, the reference 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 pumping 

the 18 38 mm boreholes around the H9 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 draw any conclusions a bout the effect of dewat~ring 

in the heater midplane. When the dewatering of the rock mass stops at 

day 545 the effect is monitored by the cross-hole signals. It was found 

that the P-wave velocities increased between 20-50 mls in the different 

monitor lines after 150 days after the dewatering waS terminated. 

Except 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 offthennal conlrac­

tion caused fractures to open; because'of the low permeability of the 

rockaway from the heater, water did not 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 lines 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-M6 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 Vs from the monitor lines is a gra­

dual increase of the velocities in three ,of the four lines after thedewa­

tering was turned off. This indicates that also the S-wavevelocities are 

sensitive to the water content in lhe rock mass. 

, 1 

5.2 Survey Data 

The first surveys were, performed 44 days before the he'at'er:'was 

turned on. Dewatering of the rock mass commenced 41' days prior to 

heater turn-on, so the first surveysmeasured:the rock mass before ahy 

appreciable volume of water had been draw'tiff-om it. Preheating data 

were collected over all six sections:" The physical parameters affecting 

the velocities in this set of data were the degree of fracturing and the 

orientation of the profile under consideration. The degree of fracturing 

affects the stiffness of the rock and the direction of lhe cross-section 

determines the direction relative to the principal axes of stress. A key 

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,-s'ections 

are indicated on a polar chart along with the majoT faults, 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 

Ji'racture 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 reason 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 stopped 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 boreholes. The cal­

cite fractures at depths between 1 and 5 m correlate well with low velo­

city zones. From Paulsson 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 
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Survey # and dates for surveys in the six cross-sections 
';.;. 

Label Cross-section # Day# Date 

A M7-M6 1 -44 11 July, 1978 
2 344 3 August, 1979 
3 424 22 October, 1979 
4 701 25 August, 1980 . 

B M7-M8 1 -44 13 July, 1978 
2 112 14-15 December, 1978 
3 348 7 August, 1979 
4 456 23 October, 1979 
5 708 1 August, 1980 

C M8-M9 1 -42 13 July, 1978 
2 118 20 December, 1978 
3 343 2 August, 1979 
4 425 23 October, 1979 
5 711 4c-q August, 1980 

D M6-M9 1 -24 13 July, 1978 
2 119 21 December, 1978, 
3 343 2 August,1979 
4. 426 24 October, 1979 : 

5 710 3-4 August,1980 
E M8-M6 1 -44 , 11 July, 1978 

2 -7 17 August, 1978 
3 6 30 August, 1978 
4 15 8 September, 1978 
5 20 13-14 September, 1978 
6 111 13 December, 1978 
7 118 20 December, 1978 
8 341 31 July, 1979 
9 420 18 October, 1979 

10 704 28July, 1980 
F M7-M9 1 -43 12 July, 1978 

2 0 23-24 August, 1978 
3 6 30 August, 1978 
4 13 7 September, 1978 
5 20 14 September, 1978 
6 111 13 December, 1978 
7 132 3 January, 1979 
8 133 4 January, 1979 
9 349 8 August, 1979 

10 419 17 October, 1979 
11 707 30 July, 1980 

Table 5.2 
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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 figure there is a low velo­

city zone at depth of 9.25 tn. In Figure 2.5 it is shown that there are 

some calcite fractures in that particular zone. In Figure 5.B the low 

velocity zone in cross-section M7-MB is apparent between depths of 2.25 

m and 5.75 m. In Figure 2.6 it is apparent lhat there are many calcite 

fractures in this zone. The largest cluster is found at 3.25 m below the 

floor of the drift, where also the lowest P-wave velocities are found. Also 

in this cross-section there is a small but noticeable low velocily zone in a 

zone around a depth of 9.25 m. 

hi }I'igure 5.9 line M8-M9 has the lowest velocities occurring from a 

depth of B.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 MB-M9 is 1.7 m from the center of the H9 

heater-hole. 

In Figure 5.11 the P-wave velocities over\ one of the main cross­

sections are shown. The MB-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. There are some calcite fractures outside th1.s zone, 

but they have no corresponding low-velocity zone associated with them. 

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

Finally cross-section M7-M9 shows a broad low velocity zone between 

depth of 1.25 m and 6.25 m. This again is associated with calcite frac-

tures. Other zones with calcite fractures do occur, but except at z = 

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

Thermal effects 

When then H9 heater was turned on, the velocities increased over 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 Figure 5.7 for line M7""M6 only one survey was performed durrng 
. '.' ... ", 

the time the heater was turned on, i.e. the 344 day curve. The two 

curves for day 424 and 701 indicate a zone around levelA13 ~hichhas 

lower velocities after the experiment than prior to it. In Figure 4.3 it 

can be seen that the highest temperature occurring over this line was 

60° C. It appear that this temperature was sufficiently high to further 

disturb the fractures over this cross-section, beyond the apparent effect 

of drilling. However the effect is reversed below line A17. 

M7-M8 

In Figure 5.8 for line M7-M8 two surveys were performed during the 

time the heater was turned on, l.e. on days 112 and 348. The curve for 

day 348 indicates a slight increase in velocity across the heater beyond 

thal 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 813 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 mls in 

line C13. Over cross-section M8-M9 the maximum temperature change is 

35D C, as seen in Figure 4.5. The change in velocity is only slightly larger 

at the depth of the heater than at other depths. 

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 D C, as seen in Figure 4.6. The largest 

P-wave velocity change is 160 mls in line D13. Except for this line the 

largest changes are found in the heater midplane. The large change 

seen in line Dt3 is only seen in one reading and the reason is not clear. 

MB-M6 

Cross-section M8-M6, seen in Figure 5.11, offers an interesting study 

of P-wave velocities as a function of changes in temperature. Over this 

cross-section four surveys were performed while the H9 heater was 

. turned on. Surveys were performed 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 E25. The first post heater turn-off 
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survey at day 420, 22 days after the turn off of the H9 heater, shows how 

sharply the velocities decrease. This behavior in fact mirrors the very 

rapid decrease in temperature observed around the H9 heater, shown in 

Figures 4.1 and 4.2. The last survey, which was performed at day 704, 

shows the low velocity zone between' depths E9 and E17, with the' largest 

P-wave velocity change at line 13. The maximum temperature adjacent 

to the heaters was naturally at the midplane, but it is significant that 
" .. 

the largest velocity change of 260 mls occurred in a zone with calcite 

fractures. This indicates that comparatively low' temperatures, in thIS 

case 60 0 C, at depth E13, are required to cause permanent damage 

where clusters of calcite fractures occur. 

M7-M9 

The last cross-section is the M7-M9 section, shown in Figure 5.12. 

This is the section which comes closest to the H9 heater. 'At the closest 

point the cross-section is only 0.2 meter from the H9 borehole walL This 
. . 

fact is also reflected iri the high temperature occurring at the closest 

point, shown in Figure 4.8. In this figure it is seen that the temperature 

reached almost 1300 C. Four surveys were performed over this cross-

section during the period the H9 heater was turned on. The surveys 

were performed at days 13,20, 111 and 349. The sam~ pattern as for the 

section M8- M6 is observed. The veloCities increase 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 

mls in this section. When the heater was turned off at day 398, a rapid 

decrease was found in this section. The velocity decreased faster in this 

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 the post-heating 

velocities are found to be lower compared with the pre-heating survey. 

Again, the effect is reversed below F19. 

In !t'igure 5.13 the wavefornls 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 waveforms from surveys # 9 and # 11 are 

shown for cross-section M7-M9. In Appendix C:4 the waveforms for the 

other surveys in these two as well as the other four cross-sections are 

shown. 

There is still some uncertainty about the magnitude of the stresses 

around the H9 heater, due to the temperature dependence on moduli 

and thermal expansion coefficient, 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 H9 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-section. For the other cross-sections the data obtained around 

day -40 was utilized as reference data for the analysis. The change of 

. velocity was ploUed 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 temperature - low velocity point. The 

largest change is found for depths near the heater midplane. Below the 

midplane the temperatures changes and velocity changes becoIrie gradu­

ally smaller again. The change in velocity with temperature ~ varies 

significantly with direction of the particular cross-section. The high~r 

the field stress i.n the direction of the particular cro'ss:'s'ection the 

smaller is lhe change of velocity wilh temperature. 

It should be noted that cross-sections MS-M9 ~rid M6-M9 have 's~all 

temperature changes and a small number of data points; for 'these two 
" -¢. 

cross-sections only every fourth depth was used. A. statistical analysis 
, .. 

was run on the resulting plots to see if the differences for the six cross-

s€ctions was statistically significant. The results are given in Table 5.3 
t"," 

Temperature - Velocity function 

Line Corr- Inter- Standard Regress. Standard Vp Vp (max) 
elation cept . error Coefi . error at-non-

of (slope) of reg. anomaly 

Intercept [m /0 C] coeff. zones 
s 

M7-M6(A) O.?? 17.9 38.8 3.05 0.63 5872 5938 

M7-M8(B) 0.81 5.6 46.3 4.00 0.71 5951 5979 

M8-M9(C) 0.69 41.9 10.4 1.22 0.48 5855 5888 -
M6-M9(D) O.?? 39.7 14.6, 2.86 0.89 5847 .5901 

M8-M6(E) 0.80 22.2 24.1 . 1.95 0.37 5955 5970 
:;";; 

M7-M9(F) 0.93 7.7 19.7 3.26 0.31 5907 5932 .. 

Table 5.3. 
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The data and the results from the linear regression are shown in 

Figure 5.15 for cross-sections M7-M6 and M7-MB. In Figure 5.16 the 

result are given for cross-sections M8- M9 and M6-M9, and finally the 

results from cross-sections MB-M6 and M7-M9 are given in Figure 5.17. 

An interpretation of the data in the Table 5.3 is shown in Figure 5.1B. In 

this figure the inverse slope (0 C / m / s) at te line form the linear regres-

sion and the average velocity of zones outside the anomaly zones are, 

shown. For both these quantities there is a maximum occurring in the 

direction of the cross-section MB-M6(E). The result of the cross section 

M8-M9 was not considered because of the sinall temperature increase. 
, !!: 

The effect from the temperature was maske'd by the effect of closing 
. ' . 

fractures caused by the dewatering (more about this later). 

Fehl~r (1981) reported a decrease in the P-wave velocity of 1.07 
: 

k~/s for a decrease in temperature of 1000 C (11 mls /0 C). This may 

to be compared with the results in Table 5.3, where the results for 

cross-sections A, B, E and F in the full scale drift ranges from 1 to 4 

m/ s / ° C for a maximum change in temperature of about 60 0 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 microscopic, is the most likely rea-

son for the factor of difference in the slope values obtained in the two 

. granitic rocks. In addition, the higher' the field stresses, the smaller 

effect one gets from an increase in the temperature. 

The linear coefficient of thermal expansion is approximately 

10-5/ Co. Using the average temperature increase in the line M8-M6 at 

day 39B, which is 56 0
, 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 



124 

.. 
dewatering over the 4.2 mpath between the MB and M6 boreholes 

amounts to 9.9 nun. This is interesting insofar that a decreased pore 

pressure should have a larger impact on fracture closure than thermal 

expansion. 

Thermal effect on the pore fluid 

The total fracture porosity in cross-section MB-M6 is given in Table 

5.4 as 1.45 %. The part of the path of 4.1B m which is occupjed by water 

is thus 60.B nun. Usjng the linear thermal coefficient of. expansion of 

1.7x10-4C-1 and the 8;verage temperature increase of 56°C a thermal 

expansion of the water in this line is found to be 0.6 nun. This s,h~)Uld be 

compared with the thermal expansion of the rock which was found to be 

2.34 mm. A cylinder 1 m thick and with a radius of 2.3 m, which is the 

distance from the heater borehole to the MB borehole, has a total pore­

volume of 0.25 m 3. With a cubic thermal expansion coefficient of the 

fluid of 5x10-4C-1 obtained· from Table B.2, an increase in the volume of 
. .. 

the pore fluid of 7Xl0-3 msu3 is found. This volume increasein the pore 

fluid would tend to increase the saturation in fractures which are not 

fully saturated. 

Dewatering effects 

Over two of the cross-sections, MB-M6(E) and M7- M(F) two surveys 

were performed before the heater was turned on. For cross-section MB-

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 on. 

In Figures 5.11 and 5.12 only one of the preheating surveys is ploUed, 

but the data are provided in Appendix C:3 and the waveforms are shown 

.-

I, 

... 
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in Appendix C:4. The zone which is .outside the low velocity area is found 

below 5.25 m under the surface of 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 extracL 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 MFa, as indicated by Forster and Gale 

(1981). Continually removing 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 pressure. The closure of 

these fractures 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 

volume average of the calculated averages for aggregates based on 

Voight and Reuss limits. The value shown is a room temperature value. 

The intrinsic velocity Vi = 6194 m/s. The averages have been calculated 

, using velocities at a depth of 5.25 In and below. This zone in the cross­

sed.ion is the one least influenced by heating. The measured velocity Vm 

is given by: 

[5.1J 

where tr is the travel-time in the rock and tw is the traveltime in water, 

and dt is the total distance between the boreholes. The travel-times in 

the rock and water respectively are given by: 

[5.2J 
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and 

so the following gives the travel-path in water d w of the total travel-path 

d t : 

[5.4J 

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 frac~ure porosity is given' 

and in column 9 the effective fracture porosity is shown. 

Vp and fracture porosity for H9 area 

d d 
Cross· Day Vm d t Vw dw Vdw ~"'100 V~"'100 

dt dt 
section 

[m/s] [m] [m/s] [mm] [mm] [%] [%] 

[1] [2] [3] [4] [5] [6] [7] [8] [9] 

M8-M6 -44 5920 4.181 1480 60.8 1.45 
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 6.5 1.47 0.16 

Table 5.4 

Gale et al. (1982) describes a new procedure developed to deter­

mine the fracture porosity at the Strip a site. Gale et al. suggested the 

value 0.1 % as a mean total effective fracture porosity. 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% respectively. It is also suggested in their paper that a 2.5 m 
., 

thick layer of lower permeability exists around the mine openings. This 

finding agrees with the result obtained by LyUe et al.( 1979) using an 

electromagnetic tomography technique. Forster and Gale (1981) con-

clude that the presence of adjacent boreholes has a large influence on 

the pore pressure existing around a borehole. If the borehole affects 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 phenomenon observed over the cross-sections M8-M9 

aI).d M6-M9 is that the velocities were observed to increase uniformly 

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

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

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

That would indicate that this velocity increase is related to the dewater-

ing of the rock mass. This indicates that the dewatering process 

influences the velocity more than the thermal process at a distance of 
; 

approximately 2 m from the heater centerline. The change in the frac-

ture porosity 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 

affected by dewatering is approximately 5x5x10 m. With a volume of 

250m 3 and a change of the fracture porosity of 0.2 % one obtain a 

change in fracture volume of 0.5 m 3 . The water volume recovered in the 

M-holes is shown in Table 4.6 and and the water inflow in the U, C and T 

holes in the H9 area are given in Table 4.7. The total amount of water 

recovered is 0.4 m 3 which is close to the change in the calculated 

change in the fracture volume. The inflow of water in the boreholes can 

therefore be explained by the change in porosity without 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 flow 

decrease with time. This tends to confirm the conclusion that the frac-
., 

tures in the area are closing. 

Over cross-section M8-M9 the maximum temperature change is 3~o 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 those 

used for cross-sectio~s M8-M6 and M7-M9 previously, the total thickness 

of the water filled fractures is found to be 79.9 mm for survey # 1 and 

65.8 mm for survey # 2. This represents a directional porosity of 1.82 % 

and 1.50 % respectively. The closure of the fractures is found to be 14.1 

mm, or a change in porosity of 0.32 %. 

The change in temperature over section M6-M9 is a maximum of 

25°C. The change in the heater midplane is slightly larger than in other 

parts of the cross-section, but the changes ae of the same magnitude. 

There must be another process than the thermal which influences the 

velocities in this section. Using the same reasoning as before it is found 

that for survey # 1 for all velocities there is an average of 52 mm water 

filled fractures. For the survey # 2 at day 119, Table 5.2, there is and 

average of 40 mm water filled fractures. This means that over this 

cross-section the fractures have closed on the average 12 mm. The 

directional porosity has changed from 1.86 % to 1.43 %, a not unreason­

able value considering that a homogeneous core specimen without 

macroscopic fractures was found to have 0.9 % porosity. Furthermore, 

the two cross-sections M8-M9 and M6-M9 have path lenglhs of 4.4 and 2.8 

m respectively; it is significant that despite a difference of a factor of 

two in the distance between the two boreholes over ,the cross-sections, 

fj 
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the porosities calculated are of the same magnitude. 

In section M7-M9 there is a section wher~, the velocities do not ~i'et 

back to the values recorded prior to the heater experiment. It is possi-
. . ~ . -. .:-

ble thal some locking mechanism prevented lhe opening of these frac-
, , 

r' ", 

tures. A possible mechanism might be an unfavorable fracture orienta-
.', .' . 

tion, or that the fractures which expanded abo~e "the"'hea{er rilidplane 

did this at the expense of some fractures below the h~a:ter $dplane. ' 
, , 

,5.3 ,Down-hole da~ 
,.1 

The limited down-hole work performed is importanl insofar thal it 

provides the velocities in the immediate vicinity of the monitor 

boreholes. In Figure 5.19 an example of a recorded waveform is shown. 

Also indicated in the figure are the P and S-wave arrivals. In'Figures 
..' .. : ' . 

5.20 and 5.21 the compressional wave velocitie's ate plotted for the four 
. . , . . 

M-boreholes. Note the low veiocities found in the boreholes M7 and M6 
: ~ • <. 

which are the closest to the H9 he'ater. : In' boreholes M8 and M9 there 
I 

are a couple of interesting features. 'In both boreholes the velocities 

decrease near the drift. In borehole M9 there is'alow velocity zone at a 

depth of between 4 and 5 m. There is a' cluster of calcite fractures at 

this level, which is the most iikely reason fbI' these low velocities at this 

level. In Figure~ 5.22 and 5.23 the S-wave velocities are shown, but these 
'. ' 

do not shovi the same character as the P-wa\7es.La:ckner et al. (1977) 

showed that the effe~t of fractures on S-~aves depended strongly on the 

orientation between the fractures and the polarization of the S-wave. In 

Figures 5.24 and 5.25 the Ratio [~]' as function of depth:;s shown. Con­

siderable interest has been shown for the diagnostic abi,li~y of this ratio, 
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as indicated by Hadley (1976). Bonner (1975) and Anderson et at. (1974) 

showed that P-wave velocities are much more affected by a high aspect 

ratio fracture than S-waves when the seismic waves are propagated 

parallel to the normal of the fracture. The down-hole instruII1ent pro-. 

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

, r 1 would indicate that the fracture system which causes the low 1 :. zone 

between 2 and 4 meters below the drift of the floor is hor,izontal. Hadley 

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

rl~l ' '. , Ys ,in fac.t larger than any other mechanism and this'point to that the 

fractures in this zone would be less than fully saturated. 

Summary 

It has been s.hown in this chapter how ultrasonic P and S wave velo­

cities can be, used. to monitor the effect of thermal and dewatering 

processes. The P~wave velocity was found to be a linear function of spa­

tially distributed temperat~res. A statistically significant difference of 

the function between, temperature increases and P-wave velocity 

increases for different transmission directions was found. It was shown 

that the P-wave v~locity in part can be explained by the thermal.expan­

sion of the rock combin~d with the thermal expansion of the pore fluids 

as well as a narrowing of fractures due to an elastic response when the 

pore pressure is changed. The survey data show how well a low velocity 

zone removed from both instrument 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. 5.10 P-wave velocities in cross-section M6-M9 for five surveys. 
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Fig. 5.13 Waveforms from cross-section M6-M6, for survey' 6 at day 341 and survey no 10 at day 
704. 
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Fig. 5.14 Waveforms from cross-section M7-M9. for survey # 9 at day 349 ant survey # 11 at day # 
707. 
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Fig. 5.15 ChaI18e of P-wave velocity as function of temperature change spatially from line 1 to line 
39 at day 39B for cross-section Y7-M6 and M7-MB. 
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Fig. 5.16 ChaIl8e of P-wave velocity as function of temperature change spatially from line 1 to line 
39 at day 398 for cross-sections M8-M9 and M9-M6. 
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Fig. 5.20 Compressional wave velocities as function of depth in boreholes M6 and M7. 
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Fig. 5.21 Compressional wave velocities as function of depth in boreholes M8 and M9, 
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Fig. 5.23 Shear wave velocities as function of depth in boreholes M8 and M9. 
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Fig. 5.24 Ratio Vp I Vs as function of depth in boreholes M6 and M7. 
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Fig. 5.25 Ratio Vp I Vs as function of depth in boreholes M8 and Mg. 
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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 value, 

defined as Q-l, 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 situ 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 

result 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 

[6.1 J 

(See Johnston and Toksoz 1981), where k is the wavenumber in the x 

direction and GJ=21Tj, where f is frequency. Attenuation can be 

described by assuming the wave number to be complex: 

[6.2J 



to give 

where the spatial decay coefficient 

- '!!.L . 
ex - QV' 
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[6.3J 

[6.4J 

with the wave velocity V = G)/ k r . Thus the spatial attenuation in the x 

direction is described by 

[6.5J 

For two different positions for the receivers one obtains, 
". ~",' 

and 

) 
-az2 

A (X2 = Aoe '. 

Dividing ?-nd taking the natural logarithm 

[6.6J 

Over the frequency interval over which the linearregression'is made for 

the field data (20-50 khz), there is a near-linear relationship between ex 

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

in the relationship ex(f) ="If or ')'= ;Q' This gives 

[6.7J 

.. 
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If In[ ~~::~ 1 is plotted as a function of f. the slope of the line will be 

. 'm5x s 
s =(x l-x 2}Y = ViQ-' Thus,), is given by')' = -( ---) and Q is given by 

xl~x2 . 

'1T<5x 
Vs . [6.BJ 

This formulation assumes in addition to a frequency independent Q, a 

common source and a uniform medium along .both propagation paths xl 

and x2' The latter is a fairly good assumption if the angle between the 

two paths is small or if the material is similar to a distarice of x2 along 

both paths. The two cross-sections used for establishing an average or 

. reference Qa were M7-MB and MB-M6. The angle between the two cross­

sections is 29° 'and the two cross-hole distances are 2.68 and 4.1B m, 

. respecUveiy. Figure 6.1· shows the spectra from 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 Vx 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 cross-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-

trum. The Qa aSSigned to this. spectrum is governed by the result 

obtained from the two cross-sections M7-MB and MB-M6. A Qa of 50 was 

chosen as a reasonable estimate for this standard. It transpires that the 

result is insensitive to the Q assigned to the standard. The Qa obtained 
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under laboratory conditions for the Strip a quartz monzonite, as shown 
. -'. 

in Chapter 7, also indicate that Qa=50 is a reasonable estimate,. " ; 
, " 

It would have been more satisfactory to utilize a reference spectrum 

from a standard material possessing a very high known Q-value. A possi-

bility would have been to use an aluminum block of sufficient dimen-

sions. Then the Q-values for the standard 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 low Q-vCilues 

determined from the complementary.l~boratory w.ork. 
', .. .' 

6.1 Monilor Dala 

Using the standard described and the spectral-ratio technique, Qa 

values for all the P-:-wave monitor data have b~en calculated. In figure 

6.3 the data from the five lines, M7-:M6, M8-M9., M8-M6, M7-M9,. and ,:the 

reference line are shown. Each cross bar represents one dCita ppint and 

at the same time indicates the standard deviation for the measurement . .. . . . .. '" 

at that point. 

The standard deviation for the Q-value is based on a least squares 

linear fit of the natural logarithm of the spectral ratio as "a function of 

frequency 

. ~: ' 

[6.9J Y = a + bx, 

The data consist of a pair of measurements (Xi,Yi), assuming x to be the 

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

r A 1 I an d Y = In l A 2 . The solution of the equations' for' minimizing ,the 

weighted sum of the deviation between the data and the straight line, '1'2, 



161 

is given by Bevington (1969) as : 

[6.10J 

and 

[6.11 J 

where 

[6.12J 

We assume that the uncertainties are instruIn.ental and that the stan-

dard deviations Cli for t~e data points Yi are all equal:, thus Cli = Cl. Then 

we can estimate the uncertainties from the data. The estimated stan-

dard deviation Cli = Cl is 

[6.13J 

Then from Bevington (1969) the uncertainty in a and b are given by 

[6.14J 

and for the slope b of the straight line: 

[6.15J 

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

uncertainties in "Yare obtained. The uncertainties in x and '1 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 lin~ from 'the linear 

regression analysis. 

Thermal effects on attenuation 

The re:;;ults of the calculation the Qa values for the P-waves' are 
'. 

shown in Figure 6.3 The Qa values for the reference line over the course 

of the experiment are also shown 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 line 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 function of time obtained for the 
'" .' ". 

the monitoring lines. This behavior was observed despite the fact that 

the reference line is 3 m above the heater mitiplane. In Figur'es 6.4 a 

and b, and Figures 6.5 a and b, the amplitude spectra are shown for the 

P-waves recorded in the H9 heater midplane throughout the experiment. 

The first am.plitude spectrum in time is at the, top of each figure. The 

vertical distance between each waveform does not represent equal time: 

the first third of the waveforms represent data take'nover the first:400 

days of the H9 experiment and the remaining two thirds data taken over 

the next 300 days which represents the period from the heater turn-off' 

to the conclusion of the H9 experiment. The reason for this is that few 
, 

,., " 

data were collected immediately after the heater was turned on. During 

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 monitoring lines, the Qa values 

shown in Figure 6.3 behave quite differently. There is a gradual long­

term increase in the Qa 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 lhe initial period of 100 days heating there is little or no 

increase· in Qa . Over the following 30 days the Qa value increases 

between 25 % and 50 % depending on which line is being studied. Over 

the next 75 days the Qa value decreases to a level just slightly above the 

initial level. The exception to this behavior is prOVided by the line MS­

M9, which is farthest from the H9 heater . .over the next 60 days the Qa 

values again increase. This behavior repeats ilself three times in Figure 

6.3, during the course of the heater experiment. 

After the heater was turned off the Qa values measured over the 

four lines show different modes of behavior. In line M7-M9 the Qa values 

drop from a value of 22 at day 398 to a value of 12 14 days after the turn 

off of the heater at day 412. In the two lines M7-M6 and MS-M6 there is 

very little change for the 150 days which follow the heater turn-off. The 

Qa values in line M8-M9 decrease first after the turn off until day 425 

when the Qa values increase to reach the same value at day 490 as 

before heater turn-off. After day 490 the Qa values decrease slowly until 

day 5S0, when they decrease faster toward a value similar or below the 

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

Dewatering of lhe IB instrument holes started 41 days before heater 

turn-on. The dewatering data are presented in Figures 4.21-4.23.' The 

water inflow increased in some of the boreholes when the heater was 

turned on. This higher level of inflow lasted between 70 - 100 days. The 

decrease of the inflow after 100 days coincides with an increase in the 

Qa values which had been constant through the first 100 days of heating. 

There is no record of at which depth the water inflow occ'urred so no 

further conclusions can be drawn about the relationship between the Qa 

values in the midplane"and the behavior of the pore fluids. 

" 

Dewatering ceased at day 545, resulting in a change in the H9 heater 

midplane Qa values. For the three lines MB-M6, MB-M9 and M7-M6 the 

onset of the decrease in the Qa values is apparent. For line M7-M9 there 
. ' 

is no decrease in Q following the termination of the dewatering. This is 
, 

probably due to the large initial decrease in Qa value following heater 

turn-off. The value obtained 150 days after the termination of the dewa­

tering, which represents the last data point, is considerable smaller than 

the value at termination. 

6.2 Survey Data 

The calculated Qa values from the 35 surveys in the 6 cross sections 

reveal the complexity of the interaction of the temperature increase, 

pore pressure, geology and direction of the propagation of the elastic 
. . 

waves. In this section all the surveys for each of the cross section will be 

discussed followed by sections on thermal effects on the attenuation. 

Finally a section on the effect from the dewatering on the Qa values is 

presented. 

.. 
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Dewatering was performed daily in the V, 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/ Qa plot in Figures 6.6 to 6.11. The 
. l • , 

four monit9ring boreholes were also dewatered (Table 4.6). The depth 

for this d~watering, was 0.20 m below point 40 on the abscissa. The dates 

f.or which the M-boreholes were dewatered are also given in Table 4.6. 

Observed attenuation changes 
~~. 

M7- M6 section 

The Qa values from the four surveys over the M7-M6 cross-section 

are .shown in Figure 6.6. The curve marked "1" is the preheating curve. 

The most remarkable aspect of this curve, as with all the other preheat­

ing curves in the other five cross-sections, that there is no evidence for 
.' I.. ". , 

a related Q anomaly the low velocity zone found in t.he data. The Qa 

values for the second survey (2) in this cross section at day 344 are 

maximum 2 m above 'the bottom of the M-holes. The third curve shows 

similar Qa values to 2, but somewhat lower at depth than those for the 
. '. 

second curves. The final survey, at day 701, has similar Qa values to 

those ,recorded for the first survey . 

M7-MB section 

For the second cross-section, M7-M8, the high Qa values are also 

found in the lower part of the profile, as shown in Figure 6.7. 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 Qa 
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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 H9 heater 

despite thermal stresses of up to 50 MPa close to the heater borehole 

wall. Thus the Qa values remained the same from day -44 to day 112. It 

is interesting to note that the Qa values for the fourth survey (at day 

425) are higher despite the fact that the heater had been turned off. it 

should a be noted that the increase in Qa commenced at the lower end 

of the section and moved upwards. The Qa values for the fourth survey 

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

MB-M9 section 

For the MB-M9 cross-section there appear to be more uniform 

changes of the Qa value over the entire cross-section, as shown in Figure 

6.B. In this section the temperature increase was moderate even at the 

closest point at the heater midplane level. The maximum temperature 

over this section was 45° C. 

M6-M9 section 

For cross-section M6-M9 the change in Qa is small, as shown in Fig­

ure 6.9, but the change is still uniform with depth as in section MB-M'9. 

This section, as is MB-M9, is a few meters from the H9 heater. The gen­

eral behavior noted so far appears to prevail: i.e. that the first surveys 

show low Qa values and that there is a slow increase with time, indepen­

dent of the heater operation. 

' .. 
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MB-M6 section 

The two cross-sections where most of the survey data were collected 

where MB-M6 and M7-M9. The angle between the two cross-sections is 

75°, and the distance between the holes in the. two cross-sections is 

nearly identical, i.e. 4.1Bl and 4.20.2 m respectively: .. Furthermore, the 

temperature increase in the two sections is also,very similar. 

The Qa values from B surveys from the M8-M6 cross-section are 

shown in Figure 6.10.. The Qa values for the four first surveys al days 

-44, -7, 20., and 111 changed very little. For the fifth survey, at day 118, 

there is a small bul noticeable change, mainly between lines 3D and 39. 

The tendency for increasing Qa values at the lower end of the cross-

section continues for survey #6 at day 341 and for survey # 7 at day 

420..,.\ The maximum Qa values for survey # 7 are found between lines 28 

and 35.' This represents a range of depths from· 7 to 9 m below lhe floor 

of the drift. From a depth of 9 mto the bottom of the holes at 10. m the 

Qa values tend to approach the ambient values. For survey # 6 and # 7 

in Figure 6.10. there are also higher Qa values between 1 and 2 m below 

the drift fioor. The first data pOintbe16w the driftfioor which is at a 

depth ofO..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 Qa values were found at the depth of the heater. For survey 
'. ' . 

# 7 at day 4~0' the heater h~d been tp.rned off, and in the same time 

interval the Qa. values began to increase between lines 17-24. The last 

survey (# 8), was performed at day 70.4. The Qa values retyrned to the 

original ambient values both both above .and below the H9 heater. Level 

with the heater the Qa values are slightly higher in survey # 8 at day 70.4 
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than they were in survey # 1 at day -44. 

M7-M9 section 

The Qa values from the M7-M9 cross-section. shown in Figure 6.11. 

also exhibit the complex behavior similar to that observed over the sec­

tion M8-M6. There are however, a couple of features unique to this sec­

tion. The Qa values for the first four surveys at days -43, O. 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 Qa 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 increase of the Qa 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 Qa 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 Qa values continues at 

the lower end of the cross-section below line 28. In the midplane of the 

heater the Qa values dropped after the heater was turned off. This is the 

only cross-section where this was observed to occur. For survey # 8 the 

Qa values returned to the original ambient values. except between lines 

13 and 23 where low Qa 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 attenuation 'of the P-waves observed 

in the cross hole surveys will be discussed. The thermal effects include a 

complex rock-fluid interl:lction when the temperature is raised from the 

ambient level. The highest temperatures were found between lines 8 and 

25, between 2 and 6.25 m below the floor of the 'full-scale drift. 

Gordo l1 and Davis (1968) indicate that Q is generally independent of 

temperature at temperatures lessthari 150° C in dry'rock. An increase 

in the attenuation atternperatures greater than 150°C in dry rock, as 

reported by Gordon and Davis ;(1968), ·is most likely due to thermal 

cracking pf the rock caused by the differential thermal expansion of the 

different minerals. This suggests that the attenuation is not affected by 

the temperature per se up to temperatures encounte'red around the H9 

heater., The small changes the Qa values at depths between 2.25 and 

6.25 m (line 9 and 25) during the operation of the "heater as shown in 

Figures 6.6, 6.7, 6.10 and 6.11, should be noted. These 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 largest velocity increases were 'recorded. 'This p'oints to the possibil;.. 

ity that increased temperatures lower the Qa values, or at least keep 

them cons~ant, by decreasing the permeability 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 may have 

prevented closure of the water-filled fractures which exist above and 

below the heater. In only one case are the Qa values clearly correlated 

with the operation of the heater. When the heater is turned off the Qa 

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 Qa value is perfectly sym­

metric around the heater midplane, and is clearly connected with the 

effects of heating the rock. The low values are probably also associaled 

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 Qa 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, lhe 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 Qa 

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 Qa value increase. The central zone 

with very high attenuation is a good indicator of thermally-induced dam­

age to rock and of lhe fractures already existing. 
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Effect of dewatering on survey Qa values. 

The large apparent effect of the dewatering on the attenuation of 

the P-waves was largely unexpected. The Qa values for the first surveys 

in the six cross sections show no or little correlation with the P-wave 

velocities calculated from the arrival times of the compressional waves, 

or with the geological features mapped between the boreholes. In the 

four lines which pass close to the heater, M7-M6, M7-M8, M8-M6 and M7-

M9 all show increasing Qa 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 is seen that it does not exceed 100 C. This 

would indicate that the Qa values recorded in the cross sections have no 

strict correlation with the elevated temperatures. When the dewatering 

of the rock mass is terminated the Qa values also return to very near 

the values measured during surveys around day -44. In Nelson et al. 

(1982) it is repo'rted that boreholes at the rear of the full~;scale drift are 

subjected to a high in-flow of water throughout the the heater experi­

ment. This can explain the small changes observed in Qa, as it seems 

plausible that the magnitude of Qa is mainly governed by the water con­

tent in the rock. 

The Qa values obtained in the heater midplane do not appear 

change over the first part of the heater experiment. Morrow et al . 

(1981), have shown that for a laboratory sample simulating a heated 

borehole and subjected to a temperature gradient with the borehole wall 

at a temperature of between 2000 and 3000 C, the permeability dropped 

by an order of magnitude over that measured under ambient tempera­

ture. Because of this low permeability the pore pressure was not able to 

dissipate, and so the Qa values remained low. In Morrow et al. it is 
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shown that only 5 days after heater turn-on with a borehole tempera-
,-"'. 

ture of 280 0 C, the permeability was reduced to 5 % of the original. Mor-

row et 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 2000 C. 'Th~' 

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

used to describe fluid flciw in the case for which the permeability is 

determined by the fractures rather than the porous matrix permeabil-' 

ity. Flow per unit crack length is given by 

Qf = (d 3 
/ 12v)(dP/dx) [6.16J 

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

viscosity, arid ~: 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 proportional to the fracture width to the 

third power. 

Summary 

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

wave signals can be used to monitor with relatively high sensitivity the 

effects of thermal and dewatering processes in an underground heating 

experiment. It was shown that a low velocity zone seen clearly in the 

data before heaUng does not have an accompanying anomaly in the Qa 

values. Qa for the monitor data showed a gradual increase not corre-

lated strictly with the heater operation. There is a correlation between 
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Qa variation and the termination of dewatering on day 545. Qa 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 increase of Qa 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 isconlinued. When the 

dewateri.ng was stopped the Qa in the surv.ey cross sections returned to 

ambient values. The only place where a permanently lower Qa was corre-

lated with heating was in profile M7-M9. where the temperatures 

exceeded 1300 C. This may be an important indication that this tempera-
.. 

ture was suffic.ient to induce extensive micro fracturing. 
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Fig. 6.1 0-125 kHz amplitude spectra for cross-section MB-M6, 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 amplitude spectra shown in Figure 6.1. The straight 
line is a least squares linear fit to the ratio for the values between 25 and 50 kHz. 
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IFig. 6.12a Amplitude spectra for cross-section M8-M6 survey # 8, 349 days after heater turn on. 
Each line represents the relative distance along the cross-section. 6.12b Amplitude spectra for 
cross-section M8-M6 survey # 10,704 days after turn on of the H9 heater. 
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Fig. 6.13 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. 6.13b Amplitude spectra for 
cross-section M7-M9, survey # 11, 707 days after the H9 heater was t urne don. 
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7. LABORATORY DATA 

A number of cyclic uniaxial compression tests were conducted on 

specimens of Stripa granite, during which the propagation of compres-

sional and transverse waves was studied. The travel-times were meas-

ured and waveforms digitized for each test at 16 uniaxial stresses in the 

range 2.5 MPa to 51 MFa, and returning to 2.5 MFa. This was done for 11 

specimens, both dry and water-saturated. Eight of the specimens were 

from the H9 heater area and 3 from the Hl0 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 during the Stripa experiment. Despi.te the considerable 

degree of control achieved during the field experiment on parameters 

such as length of transmission path, fracture density, fracture position 

and water flow, several parameters remained which were not well con-

trolled .. These included important factors such as saturation, field 

stresses, thermal stresses and pore pressure. The laboratory work has 

provided the necessary control for Vp ' Vs ' Qa and Qp for different 

stresses and saturation levels . 

7.1 Introduction 

Specimen were selected to represent rock in two orthogonal direc-

tions. The reason being that the two main profiles M7-M9 and M8-M6 are 

75° apart. Fortunately, horizontal drill-holes from the extensometer 

drift were drilled approximately parallel to the two sections, as Indicated 

in Figures 1.7 and 1.8. Appreciable differences in the velocities 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 M8-M6 cross section (Figure 

7.2) and four came from boreholes which are parallel to the M7-M9cross 

section (Figure 7.3). In Figures 7.1 to 7.3 the exact position 'i~ give'r1 
. , 

from which each of th'e core specimens were recovered .. Three of the 

specimens come from the HtO area: specimen # 3 from b6reh~le E29 

(Figure 7.4) which was drilled before the heater experiment for the 

installations of instruments. Two of the specimens are from the DBEX-'l 

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 isotropic, homogeneous and elastic it is 

possible, knowing the density, to determine the elastic moduli by 

measuring the compressional (P) and transversal (S) wave velocities. 

This procedure has been used here to determine the moduli as a func-

tion of uniaxial 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 verify the low Q-values (for gran­

itic rocks) calculated from the field data using the spectral ratio tech­

nique (Chapter 6). 

In this chapter a method to perform and handle spectral ratio cal-

culations on large volumes of data with a mini-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 data 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 waveforms 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 ex by 

and 

_1Tlx 

A (j) = Ao e -ax = Ao e VQ 

Q=& 
exV 

[7.1 J 

, [7.2J 

is independent of frequency, a procedure described by Toksoz et al. 

(1979) has been used to calculate Qa and Qp where ex refers to compres­

sional waves and {3 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 interactively. 

7 .2 Experimental Method 

The moduli can be calculated from the P and S wave velocities and 

the density of the rock using the following relations ships; 

[7.3J 

and 
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[7.4J 

where Kd. = dynamic bulk modulus, Gd. = dynamic shear modulusp = 
density. The following relationships have been used to calculate the 

dynamic values of Poisson's ratio and the moduli: 

[7.5J 

and 

[7.6J 

where vd. = Poisson's ratio and Ed. = Youngs modulus. Using the fol-

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

lated : 

[7.7J 

and 

[7.8J 

The method consists of transmitting ultra'sonic waves through a 

specimen by a transmitter mounted at one end of the cylindficai core 

and a receiver mounted at the other end of the specimen. as shown in 

Figure 7.5a. In Figure 7.5b the average values of Vp and Vs 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 7.5c 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 standard 

cylinder made of rolled aluminum was used, with Qa and Qp equal to 

approximately 2000. The actual values of Qa and Qp for the aluminum 

are probably higher: measurements made by the resonant bar technique 

indicate values of 104 for Qa and Qp (King: 1982 personal communica­

tion}. However, the error introduced using 2000 rather than 104 for a 

specimen with a Qa = Qp' = 50 and a compressional velocity of 

Yp = 5900m/ s is less than 2%, and it shows aQ-value which is lower 

than the correct value. With Qs being the Q value for the standard, the 

two values' considered here areQs 1 = 2000 and Qs2 = 10000. The 

compre~sional velocity for the aluminum was found to be ~ = 6362. The 

1T P-wave velocity in this example is 5900 m/s. Using 7 = 'lT for the 
Qx~ 

specimen is 'lT = 1.0649x 10-5 with the Q for the rock being set to 50. 

Using the equation s = ('IT -'ls1.2)X S1 for standard 1 = 8.32xl0-7 and S1 

for standard 2 = 8.4Bxl0-7 . 'lTl is the 7 obtained for the first 'lSI using 

rS12 l' 'lT = l--:- + 'ls with the 'ls being' the 7 for Q=2000. so now we find: 

'lTl = 1.0649xl0-5 

giving 
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Q = 50 

and for 

'lr2 = 1.0846x10-5 

giving 

Q = 49.1 

The ultrasonic pulses transmitted through the rock specimens were 

generated by a stacked system of P and S wave piezoelectric cryslals 

mounted in an aluminum housing, as shown in Figure 7.5a. The lrans:­

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 - specimen interface. The 

transducers and the core specimens were mounted in a Carver press and 

subjected to unconfined uniaxial loading. 

Wyllie et 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 specimen are investigated, that is apparently not true 

for investigations of the attenuation properties. In an analysis of Q{J 

data in this study it is apparent that uniaxial stress fails to close the 

fractures which affect the axially tran'smitted 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 specimens 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 unloading cycle. This can be explained by the fol­

lowing behavior: when the specimen is compressed the water i:s S~uirted 

out of the fractures; when the specimen is unloaded the fractures open, 

and thus become only partially saturated. 

The press used had a maximum range of 0 - i i.o tonnes, which 

results in a 0 - 51 MPa uniaxial stress on the specimens tested. This is 
, . ' 

approximately 25 % of the uniaxial strength of the Stripa granite 

reported by Swan (1978) as 207.6 ±,31.4 MPa at 200 G .. Th~·value was 
. '; .."'., 

reported to be, constant at tempe~atures to 1500 C.Theuniaxial 

strength was defined by the peak of the s~r~ss~ strain curv~ for uniaxial 
• .i . 

stress. 

For the aluminum standarcf, P and S wave, signals w~re obtained 
, ',1 ( .. ," '\ " ,.' , , ' ", 

under 10 Mfa axial stress. In Figure 7.6 the P aB,d S waves for the alumi-
. . 5·, .{ ." . . 

num stan'dard are shown. Also shown are the truncated waves and the 

their amplitude spectra. These spectra were.then, .us,ed for all the 
~" " '. . . . - . 

laboratory work described in this thesis. In Figure 7.7a similar set of 

, data'is show-nldr specimen #1 in a dry condition. The ratio between the 

spectra bbiairted'fromtlie aluminum cylinder and the granite specimens 
~ " .' . ' - ( . . : '. . . . 

for b'?th,the p" and the'S waves give the result is ,shown in Figure 7.8. 

These spectral ratios are plotted ~n a semi-logarithmic scale. The fre­

,quencyband used for the Qa and Qp calculations !S 0.5, - 1.0 MHz. A 
• ., : . " • '1' ", 

, ' 

linearregresslonls appiied to the data over this frequency interval. This 

is as'imilar te~h~ique to the one discussed for the fi~ld measurements in 
t ; .. 1" ", -' • 

. The amplitude of plane waves for a standard and for a test specimen 
. ' 

.. 
have been given,in Chapter 6 and the same procedure is followed for the 

. , . .' 

signal obtained in the laboratory test. 
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r AI] When lnl A2 is plotted as a function of f, 12 is obtained from the 

slope of the line by s = slope, 

which leads to 

s 
12 = - + 11 

Z 

[7.9] 

[7.10] 

This method is suitable for specimens with a relatively low Q (Le, 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 

coefficients 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 relative to the trigger from the pulsing unit. A Tektronix 

Digital Processing Oscilloscope (DPO) with a digital delay trace was used 

to measure the arrival time of the signals. In Figure 3.3 a block diagram 

of the signal analysis system is shown. In order to correct for instru-

ment delay, the transducers were clamped together in face-to-face con-

tact and the times of arrival of P and for S-waves were recorded. The 

instrument delay for P-waves was found to be 5.47x10-6 s and for S­

waves 9.41x10-6 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 



' .. 

.. 

195 

Appendix E.3. 

The times of wave arrival were measured to an accuracy of ±20xI0-9 
~. . . 

seconds or ± 0.1%. The specimen lengths were carefully measured to 

± 10XI0-6 meter. 

No correction was made for the shortening of 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 7.3Xl0-4 . For a 

specimen lenglh of 80 mrn this corresponds to a change in length of 0.06 

rnm. This change in length is less than 0.1 %, and can therefore be 

neglecled. The P and S waveforms for each axial. load were digitized 

twice and then averaged before the signal was stored on a floppy disc. 

This was done automatically at each increment of axial load. The arrival 
- . i· 

times for the' P- and the S- waves were a~so rec~rded from the digital 

display on the DPO and were used to calculate the velocities. Each 

specimen was tested at 16 increments of load. It is important 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 

disc is show:n 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 D C. Figure 7.9b, is for the specimen 

after it had been saturaled. 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 millilorrs 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 chapter the specimens 

were dried in a convection oven at 70° C. This procedure probably did 
. ; ... 

not dry out the specimen more than down to 20-30 % saturation. This 

will be discussed later when the results of an experiment for whtch the 

velocities and the attenuation as a function of saturation are investi-

gated. 

One of the experiments concerned an investigatIon of the velocities 

and attenuation of P and S-waves as a function of saturation. Speci-

mens # 1 and # 2 were first saturated according to the procedure 

described above and then tested in this saturated state. The specimens 

were carefully weighed when they were saturated. Table 7.2 gives'the 

values for specimen # 1 and Table 7.3 gives the values for spe'cimen # 2. 

The specimens were weighed between each step and the saturation was 

determined by: 

r r w. - W.·ll S[%] = II -l w:-w: x 100 

where Ws is the weight of the specimen saturated, Wd the weight dry and 

~ 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 specimens 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 Lest 

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 4 

6 820919 13:00 97 If. 

7 820930 10:30 363 In 100% humidity 

8 820929 10:00 338.5 In 100% humidity 

9 820924 9:30 218.5 In room humidity 

10 820923 10:30 195.5 48 h in a oven held at 70° C 

11 821004 20:00 468.5 72 h in a vacuum oven at 75° C 

12 821019 10:00 770.5 13 days in 50 millitorr vacuum 

Table 7.4 

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

for Dririte is 0.005 milligram of H 2 0 per liter gas at 24° C. The dessica­

tor was used to speed up the process, 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 normally 

underwent before testing. The saturaUon recorded after this treatment 

was 40% and 23 % saturation for # 1 and # 2, respectively. This shows 

that even a drying in a convection oven at 70° C will not yield a 
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Saturation experiment for Specimen # 2 

Test Date Time Hours Comments 

1 820915 12:00 0 Fully saturated 

2 820915 15:00 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 21:30 33 In the dessicator with CaSo 4 

6 820919 15:00 99.5 " 

7 821001 10:00 382.5 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 oven held at 70°C 

11 821004 9:00 453.5 72 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 container with 100 % humidity to increase the 

saturation. The specimens regained weight and then Tests # 9, # 8 and # 

7 were performed .. Before Test # 11 the specimens were put into a 

vacuum oven maintained at 75° C and a low (Rj50 millitorr) vacuum. This 

process reduced the saturation levels to 6% for both specimens. This 

method appears to provide an effective method to dry the specimens and 

it also gives a saturation level which is constant in the specimens. 

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 reference weight. There cer­

tainly are traces left of water, but in terms of effective weight that 

should play little part in determining the saturation level. There is, how­

ever probably still a mono-molecular layer of adsorbed water in the fine 

cracks. 

The waveforms recorded for the laboratory tests are degraded by 

the presence of ringing and sidewall reflections occurring some time 

after the first arrivaL The average wave-length for the frequencies lying 

between 0.5.~.1.0 MHz is 8 mrn. for P-waves and 4 mm for the S-waves. With 

a circular vibrating source of diameter d "'='" 22 mrn. an ultrasonic beam 

was generated which can be approximated by a plane wave 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-wav,es with a velocity of 

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

!!:.. = 5.50. King (1980) has shown that by using the Fraunhofer formula a 
A 

half-beam width obtained for P-waves such that 

®a = arcsin (1.22 A; ) =' 26° , [7.12aJ 

and for S-waves 

®p = arcsin (1.22 ~ ) = 13° [7.12bJ 

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 4x10-6sec. The earliest time at whIch a sidewall reflection arrives 

after the primary arrival is 2.7 f.L s but then the amplitude' of the window 

is only 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 7.7 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 of parasitic P-wave energy, so the 

problem is to maximize the S-wave energy IP-wave energy ratio. For S­

waves a window of 3 micro seconds was chosen after experimenting with 

a set of five different windows. The reference point for this 'window is the 

crossover point of the S-wave with the zero-amplitude line, an example 

of which is shown in Figure 7.7 d. Froin this point and to the left a half­

cosinee window is used, with a length of 1 J..Ls and to the right of this 

point a window of 2 f.LS length is used. The total duration of the window 

is therefore 3 J..Ls, with the center of the "bell" centered were the ,max­

imum energy of the S-wave is expected to be. The waveforms were digi­

tized in a 512-point long array. The truncated waveforms were Fourier­

transformed with a standard FFT routine which is part of the software 

package in the Tektronix 1200 signal processor system used. The result 

of this transform is shown in Figure 7.7 c and f. Figure 7.7 c 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 state. 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 band 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 for the same specimen 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 table provides the key for all 

laboratory tests showing 16 test levels if stress. 

In Figure 7.12a 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 truncated S-waves are shown in Figure 7.14 a and b. The velocities 

calculated for these specimens are given in Appendix E.l, together with 

the velocities for the other 9 specimens. The waveforms for the remain­

ing specjmens are given in Appendix E.2 and the truncated waveform in 

Appendix E.3. The spectra for all the specimens are shown in Appendix 

E.4. 

7.4 Sample Preparation 

In Table 7.7 the 11 specimens tested are listed. The weights listed 

for the specimens include the weight of the lead discs, shown in Figure 

7.5a, the latter amounts to 0.647 gram. The lead discs were employed to 

provided god acoustic conlact 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 test stress levels 

.# load Uniaxial stress, a'U~ 

[tonnesJ [MPa] 

1 0.5 2.3 ." 

2 1.0 4.7 

3 2.0 9.3 

4 3.0 14.0 ' ' .. 

5 4.0 18.7 

6 5.0 23.4 

7 6.0 28.0 

8 7.0 32.7' 

9 9.0 42.1 

10 11.0 51..4 

11 9.0 42.1 

12 7.0 323 

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). Th~ maximum temperature reached where specimen # 4 was 

situated was 1300 C. The specimen was taken 1.45 m from the H10 

heater. Specimen # 5 was 0.75 m from the .heater. where a temperature 

of 200 0 C was reached. The DBEX-1 borehole was situated 0.5 m above 

the heater midplane. as shown in Figure 7.4. 

Stripa core specimen 

speci- Heater Bore- Distance Weight Weight 

men area hole from satu dry 

no. name collar rated 

[mJ [grJ [grJ 

1 H9 E21 11.77-11.85 437.303 436.934 

2 H9 E24 11.38-11.46 452.353 451.871 

3 H10 E29 9.56-9.64 

4 H10 DBEX-1 10.49-10.57 
. 

5 H10 DBEX-1 10.72-10.80 

6 H9 E22 10.12-10.20 430.710 430.430 

7 H9 E22 11.62-11.70 '456.443 455.800 

8 H9 E22 5.41-5.49 447.783 447.442 

.9 H9 E25 9.72-9.80 454.863 454.412 

10 H9 E25 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 rnm, and the 
• t' 

flat-ends were ground with a diamond wheel so they were smooth and 

parallel to within 0.001 rnrn. 

f', . 

7.5 Calibration of the spectral ratio technique 

To test the reliability of the spectral ratio technique a set of 51 rnm 

diameter perspex cylinders 7.622, 5.080, and 2.544 cm long were tested. 

First Qa for the 7.622 cm long specimen was calculated with the alumi-

num standard previously discussed as standard. For this test Qa was 

found to be 74 ± 6.5. The next test used the technique with two speci-

mens with same aUenuation but with two different lengths. The shortest 

of the perspex specimens was used as standard and Qa was calculated by 

taking the spectral ratio between the speclrum from the P-wave signals 

from the 2.544 cm specimen and the 7.622 and 5.080 cm specimens. For 

this test the same relationships described in Chapter 6 were used. 

Inserting the 'Y value obtained in 

[7.13J 

Qa 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 between 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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Qa. for P-waves in perspex 

Specimen Specimen Specimen Stand- Stand- Stand- Qa. 
ard ard ard 

length vel. length vel. 
(em) (m/s) (em) (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 

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 Qa values for Stripa specimen # 1 are shown as a 

functiqn 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 7.17bshows 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 Qa values drop considerably comp~red 

with when the load was increased. The reason probably is that when the 
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unconfined, 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 the 

specimen becomes partially saturated. In Figure 7.18a results from the 

test of specimen # 2 are shown under the same conditions as for speci­

men # 1 in 7.17a. The large differences in the results between the two 

specimens should be noted. Qa values for specimen # 2. are less than 

half those obtained for Specimen # 1. Qa values 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 Qa over the whole test range, indicating very different fracture orien­

tations. Micro-fractures for the specimen # 1 were orien~edsuch that 

their aperture decreased with stress. Lockner et at. (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 rriicroscopic fractures as well. The pole of the 

macroscopic fractures is perpendicular to the direction of borehole E25 

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 to these fracture. It is easily realized that in such a mpdel 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 approximately 35 0
• 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-values for specimens 3, 4, and 5 obtained from the Hl0 area yield 

further information on the influence of rnicroJractures and their aspect 

ratios on attenuation, These results suggest; a possible dominant 

mechanism for the attenuation of elastic waves in a rock such as the 

Stripa quartz monzonite. In Figure 7.19aand b Qa values from specimen 

# 3 from borehole E29 are shown. In Figure 7.19a the Qa values are 

shown when the specimen is dry, and in Figure 7.19b the Qa values are 

shown for the saturated specimen. In Figure 7.19a the maximum Qa for 

the loading part of the cycle.is reached at a uniaxial stress of 18.6 MPa. 

At, this point the Qa value decreases to a local minimum and then Qa 

increases again as the load increases. An interesting phenomenon 

occurs when the rock is unloaded. The Qa value increases at first with 

decreasing stress. This indicates that unloading of the rock causes frac­

turesparallel 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 

Hl0 heater where the temperature reached 1300 C during that experi­

ment. An interesting observation in Figure 7.20 a is that the behavior 

for the Qa curv~ 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 Qa value for P-waves than.the 

same specimen dry. For specimen # 5 in Figures 7.21a and b an 
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unexpectedly high QCl was found at high stresses. Note the change in 

scale on the ordinate to accommodate the highQCl values. The QCl value 

reached a maximum of 240 at a uniaxial stress of 51 MPa. The QCl at a 

uniaxial stress of 2.3 MPa was no higher for this specimen than the oth­

ers, and on reducing the axial stressQCl returns to almost exactly the 

same value as it had originally. This is the rock specimen that was ·sub­

jected to 2000 C. Temperatures of this magnitude caused additional 

fractures parallel to the borehole wall, as shown by Flexser et al. (1982), 

or perpendicular to th e thermal gradient which is very steep in this 

area, during the operation of the H10 heater. The high QCl value suggest 

the extension of existing fractures rather than creating new ones. Any 

extension at fracture tips decreases the aspect ratios for thesefrac­

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 average of 1.7 cm. 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 effect 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 (Le. 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 QCl with the 

application of stress in the specimens closest to the heater, while the QfJ 

for the S-waves do 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 



" 

209 

could not be detected in lhin sections from core recovered from dis-

tances from the heater larger than 8 cm. However, microfractures were 

visible in the thin sections made from the pieces of rock which fell from 

the borehole wall due to decrepitation. This shows that micro-fracturing 

did occur and that the Q values are sensitive to this kind of fracturing. 

Johnston (1978) reported that thermal cycling of Westerly granite 

yielded lower velocities but higher Q-value, Th~s agrees very well with 

the results. obtained for the three-spec~men suit. from the. Hl0 area. 

Simmons and Cooper (1978) reported an increase in porosity made up of 
.:." . . t. ... ' ~.. .' • , • . 

low aspect r:a~i9. cracks for thermally-pycled Westerly granite. There is . ",.., •. :~ .' . .'~" . 

no contradiction i:r:nplied in this insofar that the porosity under low 
.. - • > .~ ".' 

stresses mightbe l.arger butthe micro-fractures close more readily with 

the application of stress. The pressure at which a crack closes is given 
'.' 

by 

. [7.14J 

where E= Young's modulus, v= Poisson's ratio and, a: is the crack aspect 

. ratio. It is' clearly 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 ° C / min created what they called thermal cycling 

cracks .. In ;Westerly graniiethe crack porosity increases exponentially 

with temperature: 

c = 10':"3.75+(2.24XIO--3
) T. 

m [7.15J 

where Tm is the maximum temperature inoC. This shows that the crack 
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porosity doubles for each increase in 140 0 C. 
1." ' 

Simmons and Cooper (1976) used a differential strain analysis tech­

nique and concluded that most of the cracks formed were those that 

closed at low pressures (i.e. low aspect ratio cracks). This conclusion 
.. : •• i, ~,"".~ i 

agrees well with the results reported here. Simmons and Cooper indi-

cated that heating of the specimens caused thermal cracks near the 

grain boundaries of the minerals comprising the rock. 'Their model indi­

cates that thermal heati~g extends the length or' the' f~act~re along the 

grain boundaries, possibly by connecting several rnicro-fractures'.Thus a 
. . 

new and larger fracture is formed which effectively fo~ms a low~r "aspect 

ratio fracture .. The latter would help explain the seerningiy contradic­

tory finding that. thermally-induced fractures in specirrie~'s results in 

higher'Qa values for P-wave~, atleast athigh stress lev~ls.· 

The quartz content of the Stripa quartz monzonite 37.1 % 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 foundlhe crack 

porosity to increase considerably for Weslerly granite which has a 

quartz content of 22 %; The larger quartz content inlhe 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 lhe S-wave Qp value curves fOT 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 amplitude for 

such S-waves decreases with stress. The same behavior is observed in 

the data reported here. In Figure 7.22a for Specimen # 1 in it's dry state 

the' highest Qp ~alue is found ~t an axial stress of 9.3 MPa andQp 

decreases at higher stresses. In Figures 7.22b for the same specimens 

saturated the Qp value decreases for the range of uniaxial stress from 

2.3 MPa to 51 MPa. For specimen # 2 in it's dry state, shown i.n Figure 

7.23a, there is an increase in Qp from 14 to 30, a 114 % increase. For the 
. . . . 

saturated case Qp remains relatively constant after a small initial 

increase. During the unloading part of the test cycle, there are indica-
" ~ 

tions that the the specimen becomes partially saturated from the low Qp 

value compared with th~ loading part of the curve. 

Qp values for specimen # 3 in Figure? .24a in the dry state show a 55 
. '" ". " . " 

% gradual increase over the range of uniaxial stresses from 2.3 MPa to 

51 MFa. In the saturated state Qp decreases after reaching a maximum 
. : '. . .. 

at a uniaxial stress of 28 MFa, as indicated in Figure 7.24b. Specimen # . . . . ~. ..~ . 

4 in Figure 7.25a in the dry state behaves in the same manner as speci-

men # 3. In the saturated state (Figure 7.25b) the specimen becomes 
.". ',' " . ' .. 

partially saturated during unloading. 

For specimen # 5 in the dry state the) decrease in the S-wave Qp 

value over the q:mge of actual stresses from 2.3 MFa to 50 MFa is 50 %, 

as indicated in Figure 7.26a. Thi:;; is the specimen that was recovered 

from the area around the Hl0 heater that reached 2000 C at radial dis-, 

tance of 0.75 m from the center of the Hl0 heater. In the saturated 
.' 

state, shown in Fi.gure 7.26 b, there was little change in Qp except that 

the specimen appears to become partially saturatec) at,lJ.nloading. . . '., . .:. '. " 
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Saturation experiment 

Ih Table 7.2 and 7.3 the results from an important experiment 

detailing the combined effects of changes in axial stress and water 

saturation are tabulated. P and S-wave velocities are shown in Figure 

7.27 for specimen # 1 and Figure 7.28 for Specimen # 2, at four different 

axial stresses as a function of saturation. Both the P and the S-wave 

velocities appear to depend linearly on the degree of saturation at an 

the four axial stresses plotted. This is an important finding which tends 

to confirm the analysis of the P-wave velocllies made in Chapter 5. The 

finite viscosity of water in thin cracks increases the shear modulus, as is 

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

The porosity of the two specimens are found to be 0.90 % and 0.95 % 

for Specimen # 1 and 2 respectively. The porosity is almost identical, for 

both specimens. Despite this there are large differences in the behavior 

of the two specimens, which is mirrored in the differences observed 

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 and the bulk 

density. 

In Figures 7.33 and 7.34 the P-waveforrns are shown for specimen # 

1 for four different uniaxial stresses at 12 different saturation condi­

tions faT each of the stresses. 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 of 5 MPa for Figure 7.35a, 10 MPa for Figure 7.35b, 20 

MPa for Figure 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 Figures 7.37 and 7.38 the S-waveforms are shown for Specimen # 
.,. ,", . 

1 under ~he same conditions as noted above. The velocity decrease with 

decreasing saturation is quite obvious. In Figures 7.39 and 7.40 the S-

waveforms for ~pecimen # 2 are shown. Again the effect of saturalion is 

clearly seen. The change with stress is not as apparent as in the P-wave 

case. 

In Figures 7.41 and 7.42 the fourier amplit~de spectra ~~e show;n for 

the P-waves from specimen # 2. Shown in this figure are the dramatic 

changes in frequency content of the signals as the saturation is varied. 
'"f! ....", 

The change in frequency content over the range of saluration tests is as .... 

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

The change in Q results from a change in the spectral ratio with fre~ 
''1.. '" ,,-': 

quency. In Figure 7.43a the two ratios are shown for Specimen # 2 going 
.' ~ .• ~, . .:.;.' ~ 

from fully saturated (line # 1) to 78 % partially saturated' (line # 2). 
<' "\' . ", ; ~ ; . -" 

, III Figure?.43. b the same effect is seen for the S-waves. In Figure 
• I' ',~ '.. • • .;"' , . '"' ,'_ 

7.44~l1,e, 9a ~nd Qp value,s from Specimen #. 1 show t~e, relationship 

.betw:~en the., ~aturation and the attenuation. TheQa values vary 

between 50 and 90, depending on the stress when the specimen is fully 
-., - <.-;: ", \ :' ,:, -.,.' ."" - ", ,:: : . ~. 

saturated. The attenuation decreases rapidly with decreasing satura-
.' ". ~: :,. i " - . , . .' .' . ~ _ " ", '. -," 

tion. The minimllm occurs between 70 and 80 % saturation for P-waves. 

For the case of a uniaxial stress of 5 MPa the attenuation decreases 
. '-':' , 

monotonically with saturation .. For the higher axial stresses lhere is an 

,increase iII Qa with decreasi~g satu:ration .. ,This. is particularly. obvious 

for a uni~xial stress of 30 MPa. ForQp in Fi~yre 7,.,(4 b the attenuation 

increases when the sp,~cimen goes from. fullY.,saturated to 93 % 

saturated. Below 93 % saturati~n Qp increases co.ntinually down to a 

saturation of 6 %. At zero % saturation lhe Qp value is lower again. 
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For Specimen # 2 the behavior from fully saturated to partially 

saturated is the same as for specimen # 1. The attenuation reduces 

monotonically to a saturation of 66 % and then it remains more or 'less 

constant as the saturation is reduced still further. This occurs despite 

the large decrease in Vp. For Qp in Figure 7.45b the attenuation corre­

lates well the uniaxial stress. For uniaxial stresses of 5 MFa and 10 MPa, 

a minimum in Qp occurs at a saturation of 63 %. For a uniaxial stress of 

20 MPa there is a monotonic decrease of QfJ. 

For a uniaxial stress of 30 MPa there is a small decrease in QfJ as the 

saturation is reduced to 30 %. On reducing the saturation further to 

zero, there is a drop in QfJ from 42 to 27. 

, . 

7.7 Summary 

. . . 
In this chapter a set of laboratory tests have been described:which 

confirm the low Q-values obtained from the field data. Large differ~nces 

in the change' of attenu~tion with applied uniaXial stress is correlated 
. . ," , 

with the inferred direction of microfractures. Qp changes less with 

applied stress than does Qa .' This can be explained by the closin~ of 

fractures which are perpendicular to the stress direction and opening of 

fractures which are parallel to the uniaxial stress direction. Qa'is most 

sensitive to fractures perpendicular to th'e' direction of propagation 
. . -. 

while QfJ is most affected by fractures which are parallel to the ,direction 

of propagation. The results from the test of the drill-back specimen 

from the heated rock in the H10 heater area show the sensitivity of 
, 

attenuation of inferred low aspect ratio fractures. The result indicate 

that by observing the behavior of P and S-wave attenuation with chang­

ing stress applied in different directions, Q-values caiculated for elastic 

.. 
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waves can be used in a diagnostic analysis for thermal cracking which is 

not detectable by an optical analysis of thinsections. Saturated speci­

men yield higher Qa values than do dry. The difference in Qp between 

saturated and dry specimen is small. For the saturation experiment Vp 

and Ys were found to be to the first order linearly dependent on the 

saturation. Attenuation for different saturations in the two specimens 

varied greatly. With some exceptions, Qa and Qp for both specimen 

reached their maximum values at full saturation. Qa for specimen # 1 

fully vacuum dried was considerably higher than the value fully 

saturated for a high axial stress. In most cases for the lowest Qa and Qp 

were found at saturation levels of 60 %. This test. support t.he earlier 

conclusion that in specimen # 1 the microfractures are more perpendic­

ular to the core axis than in specimen #2. 
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SPEC IItEff'f'ILE • STIIPDi!.2 - I' ,,~ , -; 

1 ~ .• 

MTE '3 SEPTElUP. 1182 

L£HQTH OF SPEClftE" • • .. UI2I IlET£R. . .... 
DIAftETtIt OF SPECI ... I 5.1&11 COtTUIETER 

..... £it OF LOQS I tI 

DlHSITY OF SP£CII'IEIt I _ 1C~3 

LOAD PRESSUIl£ P-&MUE VEL 5-1U1UE UEL YOUttCS " JUUC " S,HEAR " PO. RA 

(TOftS) INtA) IIVS) 1,,"5) InrI\) UIP~) IJV>A I 

.5 2.33671 41189.52 318'.43 61.'168 211.71111 26.35 .157813 
1 4.67342 5.17 •• 2 31811.1 61.5182 3'.2441 26.41139 • 16t1191 
2 '.34683 5132.43 3217.111 52.2657 3'."64 26.11746 .154153 
3 14.ea.3 5114.11 3264.tI 64.1148 31.1261 27.754 .15&318 
4 11.&931 5245.'7 3325 67.'5 33.2656 28.71199 .164061 
5 23.3671 5m.lI 3378.47 69.834 35.73711 211.7337 .174323 
6 21.'415 54&9.16 341'.37 71.8278 37.3n5 30.4578 .1711136 
7 32.7Ilt SSse.58 3451.34 73.611SIV 38.7117 31.156 .182755 , 42.1Se7 5&61.R 3511.7 76.2111S ' 4'.67&1 32.125 .1874.5 
II 51.4.7& 5733.24 3542.'7 77.8731 42.14112 32.6829 .U11342 
I 42.tA7 5.,.1.32 3522.27 77."65 41.5842 32.3186 .1111363 
7 32.71lt 5& .. 348'.37 74.8'45 38.62.3 31.5544 .185327 
5 23.3671 54&1.17 3415.15 71.411 37.4318 38.2052 .18281111 
3 14.ea.3 5235.12 3313.55 66.4755 33.485 28.4295 .168128 
I 4.67342 &eel. I 311'.1 61.555 31.3245 26.4838 .161687 
.S 2.33&11 4177.4 3174.27 61.7517 0.5413 26.248 .157244 

Table 7.1a Results from laboratory testing specimen # 2 in a dry state after a drying period in a 
convection oven at 70° C for 48 h. _ .: 

SPECIIlEIN'ILE 'STPDU2.MT 

MTE .3 SEPTEltIER. 1182 

LOtGTH OF' SPECUIE" ••• 81SJ21 IlET£R. 

DIAnETER OF' SPECI~ • 5.1&88 CEHTIItETER 

tutlER OF LOADS • 16 

DlHSITY OF SPECIIlEH • 2611 ICC ........ 3 

LOAD PRESSURE P-UAUE VEL S-IM'JE VEL VOUHCS " IULK " SHEAR" PO. RII 

(T0tI5 ) 'fIPA) 1",,5 )f '''''5) ,nPA) ''''A) ,r."A) 
.5 8.33671 5814.62 3423.65 75.5731 47.4713 39.6M6 .234671 
I 4.67342 5835.33 3422.22 75.7'58 48.1353 30.579 .237871 
2 8.34683 5864.57 343;).12 76.2883 48.8233 30.7328 .231185 
3 14.8213 - 5877.1' 3439.46 76.5748 48.'tl36 3:!.8879 .239561 
4 18.61137 5at4.1 3462.72 77.4217 48.11645 31.3a7 .236474 
5 23.3671 5N2.SS! 3488.37 78.'25 48.79114 31.627 .233518 
6 21.'485 51123.SJ3 341X1.75 78.52311 411.21'55 31.816 .234933 
7 3i!.7139 51132.51 3S1".71 711.31811 "8.6D77 32.2542 .2211588 ., 42.e687 SHSI.7S 35 .. 2.87 S3.2ge6 48.7594 ~2.75!12 .21:5504 
11 51 .... 16 5967." 3571.4 81.32e .. 48.5632 33.3331 .2~()912 ., 42.1617 SlIS8.4 3551.28 8e.6446 48.7112 32. 92r:8 • 2245Z11 
1 32.1139 51132.51 3516.22 79.3639 48.8508 32.2819 .221123 
5 23.3671 S8S8.18 3486.3 77.7833 47.23og 31.73~8 .225521 
3 14.ea.3 - 5&97.36 344'.81 7 ... 11111 43.5343 3!l.9138 .21251e4 
I 4.67342 5sti!.22 33511.'8 7'.87811 3S1.765 29.451 .2921126 
.5 2.33671 5513.32 3358 •• 8 71.ntll 4'.'845 29.461 .2e4828 

Table 7.1b Results from laboratory testing specimen # 2 in a fully satura'Led state. The specimen 
was first subjected to 10 microns vacuum for 48 h and then submeTged i'J, distilled water for 24 
hours. 

" 



217 

SP£CIIiEM'FII£ ISTlATI.1ET 

IAn: I. OCTOIUt. lila 

LDlGTH OF SP£CIfIEIf 1 .t?IMS 1IETEIt. IIMI[T[JI • SP£CII'IE" 1 5.1711 CEllTII'IETEI 

...... OFLOQII4 

.ftSITV OF SP£CI~ 1 
i!sa& .. - II2S -i!I&25 282S "4 .,4 "4 i!Ul "'31C~3 

POROSITV 1 .117741 • 

THE UlfIAXIAL STl£SS IS 1 S .... 

WEIGHT MTUtATla.I f'-tIIIUE WEL s-tMU[ VEL VOUtIGS " lULl " SHEAR " PO. RA 

CQItMS, ( . , ctvS, clVI, U~PAI (CPAI (GPAI 

"37.213 1 .. sm 3415 ?I SC! :Ii! .2"5M3 
"37.2"3 tl SIN 34. 71 41 32 .22tS2S 
"37. 2M • 5771 345. 17 46 31 .2ai&& .. 37.173 .. 57211 3413 15 45 31 .223514 
"37.162 71 sa .. 3412 15 .... 31 .2115.1 
"37.", 67 S625 3l1S 73 "3 31 .211175 437.163 " 55 .. 3355 12 43 31 .2115'1 "37.e23 54 5485 l342 71 ... 21 .214772 436.S183 .. 7 5S1t 3344 71 ... I!SI .2M1I7" "36.t43 ... 5S1S 3344 71 ... 21 .211762 436.7"3 , 5374 324. 67 311 21 .!!!!!! 43&.'" • 5_ 3241 • ", -

THE lJtlMIAL STI£5S IS , ..... 
WEIGHT SATUtATUIM P-IMU( VEL 5-tMUl \lEL VOUHGS " lULl " SHEAR " PO. RA 
(GRM$, ( • I (tvS ) ctvS , (GPAI (CPAI (GPAI 

437.213 I. sm 3471 71 52 :Ii! .2 ......... 
437.2"3 .3 5113 3512 71 41 32 • 226tl& 
"37. 2M 16 5134 3484 71 47 32 .2221S 437.t73 .. S7II1 34Se 17 ... 31 .224Itll 437.162 71 5757 3431 76 46 31 .222717 437.", 67 5713 34U 76 44 31 .11175 437.163 " 5634 3311 73 43 31 .21&353 437.N3· 54 5551 33M 73 .. 1 3e ... 2111 436.S183 47 55511 3371 12 4t 3e .,,72 .. 3 436.t43 ... 5S7I 3371 72 41 3e •••• 81 "3&.743 6 S44a 3i!n n ... 21 .2131.3 -43&.711 • 5_ 3IS3 17 37 21 .2t2i1 

THE UHIMIAL mi£'55 IS 1 III .... 

WEIGHT sATUllATlOH P-IIIIUE II:L s-UAUE \lEL VOIJHGS" lULl " SHEAR " PO. RA 

(GRAIISI ( . , ClVSI (1V51 (GPAI (CPAI (GPAI 

437.283 1" 511711 :ase .. ... 51 32 .238516 
.. 37.243 113 51134 3538 .. 411 33 .226187 
431.216 16 58 .. 3513 711 41 32 .223Ve11 
.. 37.173 • 8 SIS .. 3 .. 15 71 41 32 .226893 
431.162 78 5142 3 .. 71 71 47 32 .225622 
437 •. 1i15 67 57111 3 .. 511 17 46 31 .2225611 
"37.163 61 5721 3435 76 4S 31 .2111131 
"37.'23 5 .. S662 3 .. 23 15 43 31 .2tt1l41 
"36.983 .. 7 sa71 3423 7S 43 31 .2132311 
43S.V"3 48 5671 3422 7S .. 3 31 .2136211 
436.7"3 6 5574 3323 71 43 211 .22 .... 77 
"36.718 • 5571 3_ .,. 43 211 • 23e365 

THE ... UMIAL STR£55 IS , 21 .... 

WEIGHT SATl*TIOH P-IIIIUE II:L S-tMUl un VOUtIGS " lULl " SHEAR " PO. RA 

(GIMSI ( . ) (IV5' ""51 (GPAI (CPAI (GPAI 

"37.213 I. 5171 3541 II 51 33 .2211U7 
.. 37.2 .. 3 .3 5157 3541 It ... 33 .22664 
437.216 16 5S125 353 .. .. ... 33 .224167 
437.173 •• 51112 3521 I. 4. 33 .2251117 
437.162 71 S1114 35t7 71 ... 32 .2268511 
437.1i15 67 = 3411 71 .. 7 32 .22235" 
"37.163 61 3476 17 46 32 .21H5 
437.123 54 67 .. 5 34&S 77 46 32 .213tH 
"36.1183 47 S7S3 34A 77 45 32 .21 .... 7 .. 
.. 36.11 .. 3 ... S7S3 34&1 '7S 45 31 .216 .. 31 
.. 36.743 6 56i& 3311 73 .... 31 .22351)] 
"36.7. • SUi! 3337 72 43 21 .225115 

Table 7.2 Results from saturation experiment on specimen # 1. 



SP£ClI'IE"'f'ILE 15TDAT2.UET 

DAn: 127 OCTOKR, asll2 

LENGTH Of' SPECUIEN , ."1112J1 IlETU. DUWIETER Of' IPECJIlEN I 5.16811 CENTJIEn:R 

IU'lIEJI Of' LOADS I 4 

DENSITY Of' SPECllIEIt I 
2631 
2&29 
2&28 

POROSITY I .949747' 

THE ~IAXIAL 5TII[55 IS I 5 II'A 

IlEICHT SATURATION P-IMUE \EL 5-IMUE \EL YOUtCS II lULl II 

(GltMS) (.) 

452.353 I .. 
452.218 78 
452.17 78 
452.143 " 
452.121 63 
452.843 58 
452.828 48 
451.1IS3 36 
451.918 38 
451.871 i!3 
451.76]6 
451.725 8 

111.-5) 

sase 
5451 
5252 
5185 
5898 
4974 
411li! 
4814 
4752 
4733 
46 .. 
4552 

11£ UltIAXIAL 5TII£55 IS I II II'A 

111"'5) 

3481 
3389 
li!92 
li!37 
li!14 
31 lIS 
3187 
3183 
3182 
l171 
l1l8 
3U6 

IGP/I) 

7& 
78 
67 
64 
64 
62 
61 
59 
58 
51 
55 
54. 

(GPII) 

51 
48 
l5 
32 
32 
i!SI 
21 
as 
24 
24 
21 
i!8 

IEIGHT SAnitATION P-IMUE \EL 5-iMUE \EL YOUNGS II lUll II 

(GRMS) (II) 

452.353 1 .. 
452.218 78 
452.17 78 
452.143 " 
452.121 63 
452.843 58 
452.828 4B 
451.953 36 
451.IHB 38 
451.B71 i!3 
451.763 6 
451.Tc!5 8 

(1V5) 

586S 
551' 
53611 
5212 
5215 
51.1 
5157 
5154 
486B 
4845 
4772 
46115 

'""'51 

l422 
l337 
3293 
li!Si! 
li!69 
3246 
li!34 
li!aB 
li!4J 
li!48 
3194 
317& 

THE UNIAXIAL STII£S5 IS I 19 II'A 

(GPA) 

77 
71 
61 

" " 64 
63 
63 
61 
61 
59 
57 

ICPA) 

411 
41 
38 
34 
34 
31 
31 
31 
25 
25 
24 
23 

\lEIGHT SATU.ATION P-uAIIE \EL 5-1MUE VEL YOUNGS II lUll II 

(GltNlS) I II) 

452.353 1" 
45Ol.218 78 
452.17 78 
452.143 66 
452.121 63 
452.843 58 
452.121 48 
451.953 36 
451.918 31 
451.871 23 
451.7&3 6 
451.725 8 

(1V5) 

58M 
5733 
5642 
SSI. 
54911 
S481 
5331 
5317 
5215 
5i!15 
seB6 
5876 

THE I.'UAXIAL 5T11£SS IS I i!I II'A 

(11"'51 

3461 
3441 
34 .. 
3J69 
3355 
3Ji!i! 
3321 
3i!98 
Ji!7S 
Ji!68 
li!38 
J234 

CGPA) 

78 
7& 
74 
72 
71 
69 
69 
68 
66 

" 64 
64 

(GPA) 

411 
45 
43 
41 
41 
38 
36 
36 
34 
34 
31 
31 

II€JGHT SATu.ATION P-tMUE \EL S-\IMI[ UEL YOUtCS II lULl( II 

(CRM$) (II) 

452.353 1" 
452.218 78 
452.17 78 
452.143 " 
45i!.121 63 
452.143 se 
452.128 4B 
451.1153 36 
451.918 31 
451.871 23 
451.763 6 
451.725 I 

(11"'51 

51121 
5865 
511i! 
5713 
561lJ 
5&19 
555B 
5543 
5433 
5447 
5337 
Si!6S 

I1V5) 

J48II 
lS33 
JS83 
3473 
3463 
3427 
3424 
3H2 
3J76 
3371 
3Ji!6 
33J6 

t-Cf'A) 

711 
II 
78 
77 
7& 
74 
74 
73 
71 
71 
69 
68 

(GPAI 

49 
47 
46 
44 
43 
4i! 
48 
48 
38 
38 
J6 
34 

Table 7.3 Results from satura lion experimenL on specimen # 2. 

2&38 
2&28 

SHEM II PO. R" 

(~PA) 

JI 
29 
21 
28 
27 
27 
27 
27 
27 
26 
26 
26 

.24511 

.218256 

.176514 

.1636911 

.178181 

.148761 

.141883 

.11155 

.193711i!S1 

.19211625 
~"766i!4 
.1587115 

SHEM II PO. AA 

(CPA) 

31 
29 
i!II 
28 
28 
28 
21 
27 
28 
21 
27 
26 

.241825 

.OlIIOl" 

.198473 

.18117 

.176i!79 

.159852 

.1531127 

.1555111 

.1 .. 854 

.1957126 

.1948541 

.1784116 

SHEM II PO •. RA 

(CPA) 

32 
31 
38 
38 
JI 
i!II 
211 
29 
28 
28 
21 
27 

.236235 

.218584 

.2158?8 

.211472 

.213454 

.195586 

.1827114 

.1871 ?8 

.174569 

.176785 

.159111 

.158235 

5HEM II PO. AA 

(CPA) 

32 
33 
Ji! 
J2 
32 
31 
31 
38 
JI 
Je 
29 
i!II 

.2337111 

.215189 

.21331 

.28611411 

.286467 

.284125 

.194314 

.28857 

.185579 

.18111143 

.182462 

.164737 
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F:ig. 7.1" H9 heater rmdplane borehole and fracture map showing the location of ~ specimens 
1.2.6;7.6.9.10 and 11. Also shown ar,e the major dikes and faults at elevation of H9, heater midplane. 
based on extre,polation from nearby surfaces and core data. Short lines with dip symbols show pro­
jected intercepts of calcite-bea:r1'fig fractures. Upthrown (downthrown) sides of faults are desig­
nated by 'head (tail) of arrows. Part of mine coordinate systemis shoWn on2 rn centers. 
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Fig. 7.2 Vertical cross section H9 C showing location of sp~cip:ten 1,6,7 and 8. Also shown are the 
mapped fractures in the core from the boreholes in the cross sect.ion, Bo:rE'h01~s ElO, E9, T17, H9 
and T15 were drilled from the full scale' drift. Boreholes E21,:C6, E22; 1126 and :823 were drilled from 
the extensometer drift. ' . . " ' 
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Fig. 7.3 V~rtical cross section H9 G showing location of· specimen 2,9,10,11. Also shown are the 
mapped fractures in the core from the boreholes in the cross sectioT'., BO:feholes U8, U7, U6, TI8 
and H9 were drilled from the full scale drift. Boreholes E24, ca, E25, 1)18 and E26 were drilled from 
the extensometer drift. 
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Fi8. 7.4 Vertical cross section H10 E showing location of specimen 3,4 e."ld;;" Also shown are the 
mapped fractures in the core from the boreholes in the cross sectIon, Boreholes E 15 and H10 are 
drilled from the full scale drift. Boreholes E27,U24, DBEX-1. E28. C14 and E29 were drilled from the 
extensometer drift. . 
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Fig. 7.5a Cross section through transducers used in the laboratory expe:;--im.en.t. The load is applied 
on the top and bottom of the assembly. For the test the core specime:'l he.;, t1:.e same diameter as 
the transducer, to create uniiormal stress in the specimen. 
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ACOUSTIC VELOCITIES: STRIPA GRANITE I 

DRY AND WATER-SATURATED 
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FiB.7.5b Acoustic velocities of the Stripa Granite dry and water saiurc.ced (From Paulsson and King 
, 1980). 
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Fig. 7.6 a) P-waveform tr:~=tt:i. through the 7.7 em long alumbum st;~d-;\"d:"b') Truncated P­
waveform from the aluminum standard. c) Fourier amplitude spectrurl1 of the truncated P­
waveform from the aluminum standard. d) S-waveform transmltted t:n.:roug~1 L·.t"" 7.7 c]Il.long alumi­
num standard. e) Truncated S-waveform from the aluminum standard, f) ;:< oo.rier amplitude spec­
trum of the truncated S-waveform from the aluminum standard. 
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Fig. 7.7 a) P-waveform from specimen #1, under aUG = 2.3 MPa. b) Truncated P-waveform with a 
4xI0-8 sec. half cosine window. c) Fourier amplitude spectrum of the t.nmv.t.ed P-waveform from 
specimen #1. d) S-waveform from specimen #1, under aUG = 2.3 MPa. e) Truncat.ed S-waveform with 
a 1+2xl0-8 sec. half cos window. f) Fourier amplitude spectrum of the tru:lcatedS-waveform from 

specimen #1. 
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Fig. 7.8 a) Spectral ratio between the amplitude sPectra of the P-waves fro;n"the aluminum stan-' 
dard and the specimen,1, Least squares :fit to a straight line between the ~Tequencies 0.5 and 1,0 
MHz. The slope of the line determines the Q-value. b) Spectral ratio between the amplitude spectra 

of the S-waves form the aluminum standard and the specimen 1/1. 
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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 MPa and back to 2.3 MPa. 
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Fig. 7.10 a) Truncated P-waves from specimen 1/2 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 MPa. Specimen saturated using 
a 5 millitorr vacuum and distilled water. . 
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FiB. 7.11 a) Fourier amplitude spectra for the truncated 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 Fi.gure 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. 



232 

a STRI~ ".~S.IIII'I."'" 

• 
I 

I 

:I ., 
4 

• I 

• ., 
S 

I' 

I 
4 

" U 
3 

II 

'3 2 

III 

• 
-I 

23 2S 21 21 31 33 3S 31 31 41 43 
IE-& SECQlDS 

b mJ~ II. _"""ttl ....... ...,1 

• 
I 

I· 

., I 

4 

• 
I 

4 
I. 

I 
II 

I 

• 
-I • t" • , , , 

23 2S 21 21 31 31 31 41 43 

Fjg. 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 t.o '51 MPa for specimen #2. The 
specimen was dried in a convection oven at 70D 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) Fourier amplitude spectra for the truncated S-waves in Fig. 7.13 a). The spectra are 
from a 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 uruaJtial stress for the 
specimen saturated under a 5 millitorr vacuum 
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Fig. 7.1 5 Amplitude spectra for the alUminum standard and three perspex specimen 7.622, 5.080 
and 2.544 cm long. 
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674.4 
55111.17 
1S&6.51i 
15111 •• 
SiS •• 1I 
5686.69 
&?23.?S 
1152.11 
1111.84 
laae.611 
11l1li.34 
5165.5 
1711.34. 
1638.ta 
1582.27 
SH2.61 

6 

Sl'£CllIEJI , ST'RIM tl.SAT\IIfITD.,...-S. TIIIICA'ltD· .. ~. IEC • ...... 

t STIIESS '"""WE VELOC!TY 

( I 
I 2.·32'751 •• 171!1 SII1e.S7 
2 4.5SH3 sa. ""7 llI1e.S7 
3 II.3IMS 71.5141 llI1e.S7 
4 13.11651 ·".2387 51174." 
5 11.6211 ?II.IH5 511?11.2 
5 e3.2'751 11.1174 5l1li2.' 
7 27.11312 14.11511 5l1li2.1 
I 32.58S2 ?II."I 5l1li7.35 .. 41.11152 ta._ 5111.11 
It SI.i!OS3 12.137& 5111.11 
II 41.11152 75.65135 5111.11 
Ii! 32.51152 72.4723 1l1li7 •• 
11 23.2'751 5S.i!III SII?II.2 
14 13.11651 &5.1774 1"5.&5 
IS 4.&Sse3 H.1la3 51117.7 

" 2.321S1 13.3371 SIll •• 

S II II II I!& » • • 4& H &5 

IIIl.lAL STI:lII ~] 
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.. 
Fig. 7.17 a) QtJ. for specimen 111 in a dry state as function of uniaxial stress. b) Qafor specimen #1 in 
a saturated state as function of uniaxial stress. 
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o rOIl IIIIAlCIIIL STIlUS l1li COl( 
Sl'ECIIIDI FILE • STP0D2.1 
Sl'ECIIEN • STIlIi'll 'i!. 117 ..... II1I'I 
ST_D FILE .IIL_.1 
STMDMDO' ... 
STMDIIIID un. au 
STMDIIIID I.[NQTH' .1'NI2 II. 
_THING M 0 !'LOT. 113 POINT _INC 

5 .. 1& 21 25 

Sl'ECIIE" • 

I 
2 
3 
4 
5 
Ii 
7 
8 
II 
It 
II 
12 
13 
14 
IS 
16 

35 

IIIIAXIIIL 5T11£55 ~] 

STRII'II '2. 117-l1li. DRY 

STllESS Q-\lALUE 

2.33671 15.Si!61 
4.67342 2'.28511 
11.34683 25.3258 
14.1283 211.1668 
11.6937 31.211111 
23.3671 32.Si!84 
28.'485 32.!1886 
32.71311 35.6856 
42.t687 31.8354 
51.4'76 B.126S 
42.t687 34.6695 
32.71311 211.7182 
23.3671 25.12113 
14.'283 21.7835 
4.67342 16.8511 
2.33671 14.4213 

H 

Sl'ECIIEII • STIlIi'll '2. 5llTllMT£D 

o rOIl IIIIAlC1I1L STII£SS l1li COl( • STIIESS O-uAWE 
5I'[CIIIDI FILE • STP0D2.1I1 
SPECllEII • STIlIi'll 12. 5II'IIIMm 1 2.33671 26.Si!14 
STMDMD FILE • AL_.1 a 4.67342 1!8.1413 
STMDAIIII· 0 • ... 3 11.34683 35.'5 
STMDMD un. 5311 4 14.1283 41.32" STMDMD L£IICTH. .I111III II. S 11.61137 47.1337 
IIIOOTHING M • 'loOT' 113 POI"' _ING 6 23.3671 51."" 

7 28._5 54.2'V? • 32.7IB 57."33 
I 42."17 61.882 
II 51 •• 7& 62.3421 
II 42._7 51.1175 
12 32.71311 311.1667 
13 23.3671 32 •• " 14 14.1213 23.6912 
IS 4.67342 16.88 
Iii 2.]3671 14.1725 

II 

• II II • • • • • II .. ..... IM..,.. a.Q 
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VELOCITY 

~989.52 
5917.'2 
5832. ~3 
5114.11 
5245.87 
53711.38 
5469.16 
5558.68 
56&1.92 
5733.24 
5181.32 
5Gr, 
5461.87 
5235.82 
se28.1 
41177.4 

.. 
VELOCITY 

5914.62 
S93S.33 
S~54.S7 
5877.111 
5"94.1 
5ge2.511 
592].113 
51/32.51 
59411.75 
5967.'8 
5958.4 
5932.51 
5856.18 
5697.36 
5582.22 
5513.32 

II 

Fig. 7.18 a) QIJI. for specimen #2 in a dry state as function of uniaxial stress. Table of test number, 
uniaxial stress, Q-value and Yp. b) Qa for specimen #2 in a saturated state as funchon of uniaxial 
stress. Table of test number, uniaxial stress, Q-value and VI" 
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Q FOR UNIAXIAL S'IIP£SS 011 COlI[ 

a SP[CI~[H FILE I STPQD3.3 
SP[CI~EH I STIIIPA I3.P-UAUES.HI'.£29. DIIV.UI"DI .5-1.'.4£-5 

Q STAHDA"D FILE I ALSPA;!.I 
STANDO"D 0 I 2_ 

I" 1 STANDA"D VEL I 63&2 
STANDARD LEIICTlf I .11&22 ... 
S/I00TMIHIl OF Q 'lOTI 213 1'01"T _"IHIl 

118 
j 
3 
3 

II .3 
12 

?t 

&e 

Ie 

51 

48 STRESS O-IHILUE UELOCITV 

I 2.3287 13.4122 5586.12 
2 4.6414 28.IS53 S586.92 

Jt 3 11.28271 21.6143 5629.54 
4 13.9242 43.3742 5sse.76 
5 18.5656 52.2935 5716.76 
6 23.287 411.7823 57411.15 
7 27.8484 41.2887 5773.68 

29 8 32.4898 39.6081 57118.43 
I 41.7726 44.8689 5827.57 
It 51 .... 53 52.6492 5848.56 
II 41.7726 68.8618 583S.8S 

II 12 32.4898 77.2879 5882.57 
Il 23.297 59.'359 5777.79 
14 13.9242 35.8817 5712.74 
15 4.'414 21.2716 5625.64 
\6 2.32" 12.2418 5598.48 • 

I 5 " IS 28 as 3t 35 48 4S 58 55 &e 

UNIAXIAL STllE55 [IIPAl 

1 1111[55 o-UM.IE WLOCITV 

b • FOIl 1111_1111. 5TI£tS 011 COllI: I I • ..., n.17II? &I ..... 
Sl'[CIIlEN F'lU I S'TPOD3.1I1 2 4.1414 35.72111 58111 
Sl'[CII'IEII I STIIIPA n. SAluafIl£D J •• i!8271I 4J.219t 51121." 
STAMDMD F'lLE • ALSI'M.I 4 13.9242 .... - 5834.16 Q STAMDMD.' ... 5 11.56S5 41.173& S842.7S 

I" ST_DWL • 13&2 I 23.287 47.5223 51147.11 
ST_D \.DtItIf • . ..,.. ... 7 27.8484 53.511411 511SS.'3 
SI'OOTIIIIII rtF • "-lIT' 1!&3 I'OINT ..... 1111 • 32 •• 8111 62.2284 511A.21 

8 41.77i!I 1S.72S2 5864.5' 
It It 51.8553 53.134 51161.17 

11 41.7726 44."11 51168.87 
12 32.4811 4 •• &555 5155.13 
13 23.281 .... 1.1. 5151 •• 7 
I. 13.1242 42.1144 5834." .. 15 4 .... 14 31.27211 5112 .... 
II I • ..., 21.88113 51&5.'" 

?t 

It 

II 

&I 

4Q 

Jt 

• 
28 

1. 
e.; 

• • I SQ 11 .. .. • • • 41 .. • .. 
IIIIMI ... .,.. ~ 

Fig. 7.19 a) Qa.. for specimen #3 from the borehole E29 in the HI0 area as function of uniaxial stress. 
The specimen is dry. b) Qa.. for P-waves for specimen #3 from borehole E29 in the HIO area as func-
tion of uniaxial stress. The specimen is dry. Table of the test number, stress, Q-value and the Vp. 
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a 
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I" 
II 

.. 

.,. 
J..u.-----::", .0 .. 

se 

• STII£55 1HMl.UE UELOCJTY 
4e • 1._3 a7.11577 5555 •• 

2 ~.- a7.I133 5571.21 
3 11.20171 33 • .,.8 5&23.15 

31 
~ IJ.IIZt O.I'~7 5&72.17 
S 18.~03~ 53.171 5711.35 
I 23.~3 ".2~31 5744.08 
7 27.ASI 55.2131 5773.84 
1 32.2M ~7._1 57l1li.71 

ae II ~1.4077 5S.i!711 5138 •• 
II se.A84 67.&11& 5BS&.5S 
11 ~1.~77 &6.3411 5838 •• 
12 •• 2M st."" 5812.71 
13 13.N43 se.4111 5765.31 

II 14 13._ 38.4633 5683.13 
.5 ~.A086 11.46113 5581.3 
16 2._3 21.111 55&3.3 

0 

0 5 II IS ae IS 31 35 .. 41 se 51 .. 
IIIIJ_JIIL 5T11[55 OPAl 

b 
0 ... 

II 

.. 

.,. 

.. 

.. 
IPECIIIEII t STIIJ'" ". M1UM1£II 

4e 8 ITIIEII 1HMl.UE UELOCJTY 

31 

• 
.0 

1 1._3 31.11" _.81 • ~.- M.301 _7.51 
3 '.11171 43._ SIll •• 
4 13._ •• 731 S1114 •• 
I 1I.48M 73.71151 1IIi!3.48 • 23.~3 .. - 1817.17 ., l7.sesl 7I.61Ii!8 S1I32.4t • 31.i!lI6 ".- _1.56 • 41.4877 ." •• 31 SIISO.IS 
11 se.~ 1".5" S1I5I1.77 
11 41.4877 l1li.5_ 584&.1 
11 •• 2M 13.1137 S1I37 .Ii! 
1:1 23.~:I 71.81116 5li!3.'" 
14 13._ •• 7833 SI!I6.51 
Ii 4._ 37.11&4 5152.15 
&e •. _3 •. - sell.'" 

0 
0 I II 11 .. • • • • • II • .. 

.... J ...... DI'IIIJ 
Fig. 7.20 a) Qa. for specimen #4 from borehole DBEX-1 at he isotherm of 1300 C. The specimen is dry 
and the Qa. is a function of the uniaxial stress. Table of the test number, stress, Q-value and the Vp. 
b) Qa. for specimen #4 from borehole DBEX-l at the isotherm 1300 C, The specimen is saturated and 
the Qa. is a function of the uniaxial stress. Table of the'test number, stress, Q-value and the Vp ' 
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II 

se 
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31 

II 

11 
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• 
1 
2 
3 
4 
5 
I 
7 
I 
I 
11 
11 
12 
13 
14 
15 
II 

12 11 14 • 
1111l1li111\. 51fI£SS t~ 

Q FOIl UltIAXIAL STRESS 011 COR[ 

~::m== ~1~R;p~Ts~~ILUAC( •. 75 I •• SATURATED 
STMDAIID riLE • ALSPA2.1 
STMDARD •• 2MI 
STAftDARD VEL' 6312 
STAftDAIID LDtC:TH' •• 7&22 II. 
SIIOOTHIIG OF Q PLOT. an POINT 

5 II IS II II 

• 
I 
2 
3 
4 
5 
& 
7 
8 
II 
II 
It 
12 
13 
14 
15 
Iii 

,. • 
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I ,-,,-_-"'71 11 

STRESS .~ UEtOCITV 

2.31271 11.7141 55311 •• 
4.5l!S51 H.ll'7 5555.45 
1.25111 37.51NM! 5567.21 
13.1765 52.7536 561'.73 
11.582 71.1311 • 5654.14 
23.1271 133.11&4 56111.&4 
27.753 1112.124 5728.81 
32.37116 2'7.e!ISI 5753.1& 
41.&2111 213.SlSI 5?S11.86 
&e._- 242.1118 5821.76 
41.&2111 237.114 5888.11 
32.378& 186.727 576&.47 
23.1275 131.483 5724.6& 
13.8765 73.2487 5642.12 
4.52551 37.6_ 5551.55 
2.31275 11.1851 5532.1 

42 41 

II 

5TIIlS5 IHMLUE UELOCITV 
2.31275 27."78 se .... 7 
4.62551 311. 15a, 5_ •• 7 
11.251'1 41.41145 5_.111 
13.1765 54.l1li75 5113.33 
11.512 111.&773 5117.77 
23.1271 •• 44&1 51122.21 
27.753 11.1118& 1131.1 
32.37. 71.5316 1141.13 
41.1216 75.37&5 &144.5 
&e.81. 71.11174 5S1S3.47 
41.6211& &11.11&5 5144.5 
32.3716 51.132 5835.56 
23.1275 4&.4&17 51122.21 
13.8765 31.5723 51114.411 
4.5l!S51 31.1412 51&1.65 
2.31275 e3.3I7Ii 5IS6.31 

41 4S II IS II 

IIIIIIIIIAL .TIIE.S ~] 
Fig. 7.21 a) Q« for specimen 1/5 f:rom borehole DBEX-l in the HI0 area at the in situ isotherm of 
200

D 
C. The specimen is dry and the Q« is a function of uniaxial stress. Table of test number, 

uniaxial stress, Q-value and VI)' b) Q« for specimen 1/5 from borehole DBEX-l in the HIO area at the 
isotherm 200

D 
C. The specimen is saturated and the Q« is a function of uniaxial stress. The table is 

showing the test number, uniaxial stress [MPa], Q-value and the VI)' 
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I FOR IJIJAXIIIL .,.55 011 c:a. 
SPECINlI FILE • STSUI.3 
Sl'£CINll • STlI"" '1. DRY. '-S. llllIDOII I ..... 
51_ FILE • ALSSM.I 
ST_I.2111 
51_ un. 3i!t1 
STAICDAIIII LDIIITH' .1'Ji2II II. 
_THING OF • PLOT' 213 POIIII' _JIIG 

SPECIIIEJI ... .,. 11. DRY • .-s. III ..... I ..... 

• .,.....WE IIELOCITY 

r ~W IS 

II II 21 

I FOR IIIIAXIAL STilUS 011 COIlE: 
5P£CIIIE" FILE • STS8UI.3 

I 1.3i!7!i1 
1 4.5S513 
:I 1.31NS .. 13.11651 
S 11.&281 
I 23.2'151 
7 27.11J12 
1 32.5852 
I "I.81S2 ,. 11.2.s3 
II 41.B!1S2 
12 32.5852 
13 23.2'151 
14 13.11651 
IS 4.55513 

" 2.3i!7!i1 

I: I' I!" 161 

21 :. 41 

IIIIAXJIIL ""ESS IJII'jI] 

SP£CIM" I STIlI .... '1. SATlJlAT£D. S~S TllUllCAT£D IIITH 1+2£ ... SEC IIIND 
STMDARD FILE I ALS5A4.1 
STMDARD Q I lIN 
ST_RD un I 3211 
STMDARD LDIIITH. .17622 II. 
_THING OF 41 I'LOTI 213 POIIII' _ING 

32._4 3346.53 
37.37V5 3347.85 
31.3712 3353.13 
31.&252 3357.1 
31.4325 33?7." 
31.1145 3311S.4 
37.71127 3415.85 
37.1133 3432.26 
37.4131 3456.27 
37.34S2 3476.'3 
31.'143 346e.'1 
41.1117& 3431.73 
41.11344 3411.25 
41.2469 336t.76 
37.46&3 3351.71 
32.514 3345.11 

I" 

5P£CIIIEII I STIli .... 11. SATURATED. ~s TllUllCATED IIITH 1+2£-& SEC IIIND 

1 51II£SS _ VELOCITY 

I 2.3i!7!i1 27.2444 3483.61 
1 4.&5513 11.3145 3413.611 
:I 1.31NS 11.11711 3415.23 
4 13.1651 27.7227 34111.15 
5 11.6111 26.7651 3513.11 
& 23.2751 25.5113 3541.44 
7 27.11312 24.183 3554.1' 
1 32.S852 23.3l1li 3571.24 
I 41.81152 23.237 3562.111 
II 51.21153 23.41141 3562.111 
IS 41.811S2 24.'221 3563.' 
12 32.5'52 26.5111 355'.88 
13 23.2751 27.2673 3519." 
14 l3.HSI 26.2411 34114.47 
IS ".&5513 23.4165 3481.63 

" 1.32751 11.1613 3474.51 

i !' 

I II 21 15 :. 35 45 ,51 .. 
Fig. 7.22 a) Q, for specimen #1 in a dry state. b) Q, for specimen #1 in saturated state. 
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0 
III 

M 

II 

11 

II 

51 

41 

31 

II 

I. 

• • 

o rGII III1AXIM. STRESS 011 CCII£ 
SP£CII1D1 rILL • STSQII2.3 
SP£CIIIDI • STlII'A ta. DRY. 117-111.U4 •• 5-1.' 11HZ. 
ST_ rILL • ALSM4.1 
ST_DII' 21M 
ST_D IlEL I 3211 
ST_ LLIC'nI' .l71li2 II. 
~.HIIC ar II PLOT' an POI"' .... IIC 

WCIJIIII • mIN II ...... 117-111.04 •• 5-1.' 11HZ. 

• .,... ..-.aE UlLOCITV 

I 1.331'7l 13;1H41 31M.43 
I 4.17342 14.1517 :11111.1 
3 •• 34A3 15.7311 3i!17.'1 
4 14 •• 213 11.l1li 3i!64." 
5 1'.6937 22.44 3325 
I 23.3171 25._ 3378.47 
7 II ...... 27.5574 34111.37 

• 32.71311 21.77& 3451.34 

• 42._7 21.241'5 3511.7 
I. 51.4'1& 211.1211 3542.'7. 
II 42.1i17 31.4167 3522.27 
11 32.71311 211.8217 3481.37 
13 23.3171 25.8811 341S.15 
14 14.1213 II.~ 3313.55 
15 4.17342 15.581'7 31111.1 
II 2.33571 11.5114 3174.27 

1. IS 21 25 31 35 41 II 

III1AXIIIL STlESS [IPA] 

SP£CII1D1 • STIlIi'll II •• flJlATED. U4. IIll1DOU 1+21-1 SEC. 117-111 

I 1T11£S5 IHNILIE UlLOC lTV 

I 2.33171 27.764 3423.15 
2 4.67342 31.'451 3422.22 
3 11.34683 32.7424 343'.82 
4 ... 1i!13 33.3345 3438.46 
5 1'.1937 33.11. 3462.72 
I 23.3571 34.211 348'.37 
7 21.1415 34.2648 3411 •• 1'5 
1 32.71311 33.5755 3514.71 • 42."17 32.11" 3542.'7 
I. 51 .... 71 32.8871 3571.4 
11 42 .... 7 33.7381 3551.21 
12 32.71311 34.8884 3511.22 
13 23.3571 31.1734 3481.3 
14 14._3 27.5 344'.111 
IS 4.17342 23.2143 33511." 
Iii a.33I71 21.1271 33511.11 

~ 
It? ", ,I' 

5 II 15 II 15 31· 35 ... 45 51 5S .. 
.. IAXIM. IftIII ~ 

Fig. 7.23 b) Q/1 for specimen #2 in a dry state. b) Q/1 for specimen #2 in a saturated state. 
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a I Fa. UNIAXIAL S1II£SS 011 CCIIIE 
5I'£CI"'" rJU • ST5QD3.3 
5I'£CI"," • STRlpjI '3. S~S TllllCATO UJTH HE .... C 1111111. EllAlIl. UIIiI 

I 
STMlDMD flU • ALSM4.1 
STMIDARD I • -"' STMlDIIRD U£L • 32e1 
STAIIDARD UIGTH • .e7122 II. 
SIIOOT"IIG or I PLOTt I!a3 I'OINT II1II1111 

• I S1II£SI IHIM.I.E IlELOCI'" 

1 1.32e7 11.1125 3317 ... 
1 -4.&414 II.S56 3311.11 
:I 1.28271 14._ 3354.41 • 4 13.8i!42 25._ 3373." 
5 11.5656 2S. iii 42 338i!.31 
& 23.217 17.1312 341&.51 
7 17.8414 27.1312 34i!1.S7 

~ I 32.48" 11.11111 3444.12 
71 • 41.772& 31.11113 3461.75 

II 51.1S53 31.19lS1 3471.&3 
U 41.772& 31.1S45 3_.27 
12 32.4898 11.78. 3444.12 

&I- 13 23.217 17.9281 3413.71 
14 13.!Ii!42 25.1S11 3371.18 
15 4.6414 1I.18i!4 3332.43 
IIi 2.32e7 11.1571 3313.lSI 

51 

41 

I,a 1" ~ II 
31 1'3 

I" 
15 ,SO= 

~ 
I' .. 

" 
I 

I 5 II as .. 25 31 35 ... 4Ii 51 IS &I 

UNIAXIAL STl£SI ~l 

b I Fa. UNIAXIAL S1II£SS 011 CCIIIE 
SPECI"'M rJU • ST5QD3.3 
SPECI"'R • STIIlpjI 13. 5-1111UES TllllCATO IIITH I ..... SEC III ... SATUINITO. NIM2I 

I 
STAIIDARD rJU • ALSSA4.1 -
ST_RD Q • -111 ST_RD IlEL • 3211 
ST_RD tDCTH • .e7122 II. 
SIIOOTHIIG or I PLOT' 213 I'OINT .... 1111 

• • STIIES$ CHIIIU£ IlELOCI'" 
," ;' 

I 2.32e7 21._ 3472.U 
1 4.~14 33.4943 3471 ... .. 3 1.28179 36.'137 3481.1S 
4 13.8i!42 38.2827 34".n 
5 11.5656 31.1581 3513.51 
& 23.217 37.8i!S4 3511.68 
7 27.8484 38.1113 3511.77 

71 1 32.4898 37.1173 3524." 
1 41.772& 36.&625 3531.71 
II SI.1SS3 36.&161 3538.71 
II 41.77l!6 37.319 3535.63 
12 3l!.4891 38.3171 35l!3.35 

" 13 23.217 lSI.l275 35e'.61 
14 13.1242 37.348 34U.53 
II 4.~14 32.1313 3451.8 
1& 2.3217 17.3272 3441 •• 

51 

41 

~. I' 1,3 I' 1M 1" I" 
, .. 31 

.. 
'I 

, , I " 15 It 15 31 35 .. 4Ii &I • • 
..... .,...C-.J 

Fig. 7.24 a) Q, for specimen #3 in a dry state. b) Q, for specimen #3 in a saturated state. 
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o FOR ..aMIM. STl£SS 011 CGI[ 

=~l::: P~; ... ~i~s TUICA'rtD IIITII I .... SEC IIIIID. DIP-II •• FlIOII HII.I. C 
STAIIINIIID FlLE • 1ILSSA4.1 
STAIIDMDO' ... 
STAIIDMD UEL' 3211 
STAIIDMD UNGTII' .1'7S22". 
_TIlING IW CI !'LOT. 213 POIIIT IUIII .. 

• snESS I-IMLUI: UELOCITY 

I a.31143 al. T.II!7 3421." 
2 4.&1116 •• 11l2 343&.11 
3 1.21171 21.1837 3441.37 
4 13.'_ 32.211 34511.74 
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Fig. 7.25 a) Q, for specimen #4 in a dry state. b) Q, for specimen #4 in a saturated state. 
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Fig. 7.26 a) Q, for specimen #5 in a dry state. b) Q, for specimen #3 in a saturated state. 
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Fjg. 7.27 a) Yp 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 UUII of 5, 10,20 and 30 MPa. 
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F~. 7.28 a) VI' for specimen #2 for saturation ranging from 100% to 0% for 4 uniaxial stresses O'"a. of 
5, 10,20 and 30 MPa. b) V. for specimen #2 for saturation ranging from 100 % to 0% for 4 uniaxial 
stresses 0'1611 of 5, 10,20 and 30 MPa. 
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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 a's function of saturation for four different 
stresses, 5, 10,20 and 30 MPa. 
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Fig. 7.30 a) Poisson's ratio for specimen #2 as function of satu.ration 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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Fig. 7.31 a) Bulk modulus f~r specimen 111 as function of sat~ation;for four different stresses, 5, 10, 
20, and 30 MPa. b) Shear modulus for specimen 1/1 as function of saturation for four dtiferent 
stresses, 5, 10, 20 and 30 MPa. 
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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 I.IPa. 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. 7.34 a) P-waveforms for specimen III over saturation range Irom 100 to 0% under U ua = 20 MPa. 
b) P-waveforms for specimen 111 over a saturation range from 100 to 0% under uua = 30 MPa. 
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Fjg. 7.35 a) P-waveforms for specimen 1/2 over saturation range from 100 to 0% under (7UCI = 5 MPa. 
b) P-waveforms f?r specimen 1/2 over saturation range from 100 to 0% under (7UCI =10 MPa. 
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Fig. 7.36 a) P-waveforms for specimen #2 over saturation range from 100 to 0 % under (11''1 = 20 MPa. 
b) P-yaveforms for specimen #2 over saturation range from 100 to 0 % under (11''1 = 30 MPa. 
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Fig. 7.37 a) S-waveforrns for specimen 111 over saturation range from 100 to 0% under U ua = 5 MPa. 
b) S-waveforrns for specimen 111 over saluration range from 100 to 0 % under uua = 10 MP?-. 
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Fig. 7.38 a) S-waveforrns for specimen #1 over saturation range from 100 to 0% under O"ua = 20 MPa. 
b) S-waveforrns for specimen #1 over saturation range from 100 to 0% under O"ua = 30 MPa. 
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F18· 7.39 a) S-waveforms for specimen 112 over saturation range from 100 to 0% uncer C7\.1CZ = 5 MPa. 
b) S-waveforms for specimen #2 over saturation range from 100 to 0% under C7\.1CZ =10 MPa. 
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Fig. 7.40 a) S-waveforms for specimen #2 over sa.turation range from 1 00 to 0% under qua. == 20 MPa. 
b) S-waveforms for specimen #2 over saturation range from 100to 0% under O'ua. :::: 30 MPa. 
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Fig. 7.41 a) Fourier amplitude spectra from specimen #2 over a saturation range from 100 to 0 % 
under UUII = 5 MPa. b) Fourier amplitude spectra from specimen #2 over a saturation range from 
100 to 0 % under C7UII = 10 MPa. 
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• .2 .4 .Ii.' 1.2 
Fig. 7.42 a) Fourier amplitude spectra from specimen #2 over a saturation range from 100 toO % 
under G\IG = 20 MPa. b) Fourier amplitude spectra from specimen #2 over saturation range from 
100 to a % uncer GUll = 30 MPa. 
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~1A)lJ"L STRESS • S ~JA)lIAL STIIESS I. 5 

1 1" 311 )474 I III 58 SV79 
i! IJ i!V 34111 i! 113 36 58 V, 
3 16 i!V 34511 3 86 i!1I 5778 
4 .. 31 )412 .. 8e 29 5719 
5 78 31 3411 5 78 26 SiVI 
6 67 :Ii! 3375 6 67 i!6 5ii!S 
7 61 33 3355 7 61 i!1I SSg, • 54 34 3342 8 54 27 S4as 
II 47 35 3343 II 47 28 55 •• 
I. 41 36 3343 11 48 27 55.' 
11 6 38 :Ii! 4 I 11 , 2i! 537) 
12 • 31 :li!4' Ii! • i!1 53.S 

. ~1A)lJl\l STRESS • • ~IA)lJAl STilE 55 I II 

I III 41. 3477 I II. "' 5979 
i! .3 :Ii! 3511 2 93 51 591) 
3 16 31 )41] 3 86 36 583) 
4 .. 34 345. 4 88 36 57ve 
5 78 • 3431 5 78 36 5757 
6 67 31 3421 6 67 36 578) 
7 " ... 33111 7 61 44 56)) 
I 54 41 33111 8 54 41 55sa 
II 47 31 3377 9 47 .5 5558 
I. ... 41 3379 It 48 .5 5571 
1I 6 4i! li!IlI 1I 6 .7 5 .. 7 
Ii! • 33 3i5i! 12 • 6i! 5326 

~III)(II\L STII[55 • III ~II\.IAL STRESS: III 

1 '"~ 37 3M3 I 188 86 59711 
i! 13 :Ii! 353. 2 113 86 59)' 
3 " :Ii! 351l 3 ,86 81 58ge 
4 .. • 3 •• 5 4 It 55 5863 
5 71 • 3477 5 78 5. 5842 
6 67 31 34511 6 67 44 5711e 7 " ... )435 7 61 46 5727 • 54 43 )4i!J • 54 Sf 5662 II 47 .... )423 • 47 57 567 • 
I. .. 45 )421 I. ... 511 567 • II 6 .. 7 3322 1I 6 48 557. 12 • 38 3311 12 • ]7 5578 

~III)(JI\L 511I[5S • ita ~III)(IAL STRESS • 28 
I '" )4 35 .. , , I" 52 S979 i! III 31 3541 2 9] 71 5_ 3 - :Ii! 35]3 3 I' 81 5~ 4 .. • 35i!I .. .. 53 5912 5 71 :n 35* 5 78 53 589. 6 67 31 )411& 6 67 411 585. 7 61 4l 3.76 7 " 4' 5799 I 54 44 34&5 • 5. 41 57 .. II 47 43 346. II 41 56 5752 

" .. 46 346e I. 4' ,. 57~2 II • 41 33M II 6 126 5666 12 • .. 33. Ii! • IS. fo682 

Tables for figures 7.44 a and b. 
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Fig. 7.45 a) Q« for Stripa specimen #2 from borehole E25, which is parallel to cross section M7-M9. 
Saturation range from 100 to 0% and the four uniaxial stresses, ava' are 5, 10,20 and 30 MPa. b) Q, 
for Stripa specimen #2 from borehole E25, which is parallel to cross section M7-M9. Saturation 
range from 100 to 0% and the four uniaxial stresses, aua are 5, 10,20 and 30 MPa., 
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Tables for figures 7.45 a and b. 
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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 second-order effects of 

some physical property or change 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 granite, typical of rocks which are being considered as host rock 

for nuclear waste repositories, is a low permeability rock. The low per­

meability does not allow the increasing pore-fluid pressure to disSipate 

by flow when the rock mass is subjected to rapid heating (Figures 4.1a~ 

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

In addition to the initial low permeability the effect of heating is to 

form a zone with even lower permeability around the heater. Where the 

water can be drained from the rock, which is the case around the 

boreholes, the fractures close due to thermal expansion of the rock and 

the associated compressive stress throughout the medium. The water: 

inflow 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 model explains the low Qa values near the heater, a 

zone where permeability is decreased due to high compression to levels 

where dissipation of the pore water pressure takes a longer time than at 

greater distances from the heater. Morrow et al. (1981). showed that 

the permeability 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 2000 C 

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

'.. " .... 

8.1 Pore Pressure and Thermal Hydrofracturing. 
. {o" , 

In a recent paper, Palciauskas and Domenico (1982) show that in a' 

saturated, low-porosity rock of low permeability which is subjecl~d to 

rapid heating, micro-hydrofracturing will occur as a result. of' the' 

incr-eased pore pressure. In the following sectiOn, a model cif' the 

changes in effective stress caused by heating will be given. 

In the following calculation it will be assumed that the fluid mass in 

the rock around the heater is constant, i.e. the permeability is so low 

that other effects dominate. From Figures 4.1a to 4.1d and Figures 4.21 

to 4.23 it is clear that the thermal load increases the temperatures very 

quickly around the heater while the water inflow in the boreholes 

changes slowly ... The modal composition of the granite was given. in 
Chapter 2; based on the minerals present and their ratios some es'ti-

, ", ._ 1.: " . 

mates of the moduli are given in tabl~ 8.1. This is based on the treat-

ment proposed by Simmons and Wang (1971). The values gIven in table 

8.1 are the mean of the calculated averages for aggregates based on 

Voight and Reuss schemes. The values are in all cases calculated 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 II Ks {Js Vs Vp 

[%] [Mbar] [Mbar] [Mbar] [Mbar]-t [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. 100.0 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 [ aVb] 
Ku = Pu = Vb au P,T 

[8.1J 

[8.2J 

and 

[8.3J 

where Vb is the bulk volume. K-1 u is the compressibility for an 

'. undrained rock, .ab the. expansivity of the bulk volume for different tem-

.peratures at constant stress and pressure. am 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 terms of the sum of 

the weighted effect on the pore and solid fractions of t.he total volume. 

[8.4J 
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[8.5J 

and 
... ( ~ , 

. -I"." 

'" ' ....... ". '~: 

. [8.6J 

where {Ju is the compressibility for the undrained rock, 0: the expan­

sivity, and the subscripts p,s and f refers t.o the pores, the solid material, 

and the porefiuid, respectively. 'I/Iun i~ the uRconnected.porosity' as 

defined in Tables 5.3 and 8.2. This is the porosity used in all calcula-

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

mass is fully saturated. 

To calculate the temperature dependence of the pore pressure P, 

stress a, strain e, and porosity '1/1, it is necessary to specify a the follow­

ing isothermal coefficients, foHowing Palciauskas and Domenico (1982) 

and Biot (1941) .. 

The four coefficients of interest are (", H, Rand q,. Of the four q, is 

not independent and is defined as 

[8.7J 

The definition of (" is given by Biot (1941) and Nur and' Byerlee (1971), 

and is a proportionality constantbelweenthe pon( and the bulk volume 

changes at constant P and T. 

(" = 1 
Kd.r ---
K' s 

. [8.8] 

where Ks is the bulk modulus of the solid polycrystalline material. 

.', 
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1- is defined by Biot (1941) as the pore compressibility, and --L.. the H . ~ . 

compressibility of the drained rock. With ( defined' as a proportionality 

K 
constant it can be written ( = -; and fro:i:n this we can write 

1 1 1 . 
- = --.- -= {JdT -{Js F::i{3p 
H KeLT ,Ks 

[8.9J 

as shown by Palciauskas and Domenico (1982). 

The coefficient ~ 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

sure.while the volume of the material is kept constant. 

1 ' 
R = {Jp + tun ({3 J - (Js) [B.10J 

and 

;I 

[B.11J 

The (3 J which is the fluid compressibility, as an average between ambient 

and 80° C, is set to 0.05 kbar-1, which is obtained from Figure 4.24. 

In Table 8.2 the coefficients used in this section are given with a 

brief explanation and comment. 

"The apparent porosity is 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 
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Coefficients used for the pore pressure calculations 

Variable Description Num.value Unit Source of data 

/1, compress of fluid 50 Mb"r-1 Nelson (19B2) 

(Jp compress of pores 0.547 Mb"r-1 ; fldr -fls 

fJs compress of solid 1.B76 Mb"r-1 Table B.1 

aJ expansivity of fluid 5x10-4 C-1 Nelson (19B2). 
,', 

ap expansivityof pores 22X10-6 C-1 = a6 

am Changes in the fluid 6.21x10-6 C-1 'Pun (a J -ap ) 

a6 cub thermal exp coeff 22x10-6 C-l Myer & Rachiele 

K~ bulk mod.(drained) 0.413 Mbar P & K (19BO) 

fJ~ compress.(drained) 2.423 Mbar-1 P & K (1980) 

Ks bulk mod.poly.crysta. 0.533 Mbar Table B.1 

E~r Young's modulus 0.743 Mbar P'& K (1980) 

at aUII = 14Mfu 
. , 

dry 
v Poissons ratio 0.20 - P& K (1980) 

Ka constrained 0.B26 Mbar 4 
=Kdr+'3Gllr 

bulkmodulus 

fJa constrained 1.210 Mbar- f 

compressibility 

G~r shear modulus 0.310 Mbar ' P &K (1980) '. 

~ Undrained 0.537 Mbar 

fJu Undrained' 1.864 Mbar-1 (l-1un)fl.+'Pu,;flp 

(' Prop const. between 0.22 - 1- Kdr 
Ks 

pore and bulk vol changes 
at constant P and T 

'Pt Total porosity 1.5 % Table 5.4 

1c: Connected porosity 0.2 % Table 5.4 

'Pun Unconnected porosity 1.3 % Table 5.4 

1 Undrained 1.05 Mb"r-1 -; (fJ -fJ )+ flsfJp 
t un , • fJ~r 
1 Drained 0.547 Mb"r-1 Plflp H 
1 Undrained 1.17 Mb"r-1 /1p +'Pun (Ill-fl.) R 

( :~L.a Constant fluid mass 5.30 barsD C ' =Ram 

{ :~Loe Constant bulk volume 10.52 b"rs D C =t«'a6 +am) 

P&K in this table 
refer to Paulsson & King (19BO) 

Table 8.2 



273 

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, 1/Iun, used in this paper, and given in Table 

8.2, for calculating the heat effect on the effective stress is 1.3 % which 
; 

probably is close to the true total porosity as that includes the porosity 

of larger fractures which were not included in the laboratory specimen. 

The density is reported for saturated samples to be 2611 kg 1m3 , For an 

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) repor,ted a cubic thermal expansion coefficient cxb of 22x 1 0-6C-1 

at temperatures of 600 C and a confining pressure of 15 MPa. The shear 

and the bulk moduli are obtained from the relationships: 

Cd.T = EdT 
[8.12] 

2( 1 +v) 

and 

KdT = EdT 
[8.13J 

3(1-2v) 

An equation whi.ch describes the changes in the fluid mass content 

in a nonisothermal porous medium was given by Biot (1941) as 

(m-mo ) p 
~---=-.:... = - + E- - cx (T-T.) 

Po R Hmo 
[8.14] 

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

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

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

sonable 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 -mo to zer'o inEq. [8.14J and frdm' , 

this one obtains 

[8.15] 

For the case of a change in the fluid-mass content, Palciauskas and 

Domenico (1982) give the following expression 

. '[8.i6l' '.' 

'j ,.~·i 

with (= ~. By setting m -mo . to zero the . following. 'expression is' 

obtained for the constant bulk volume case 

[8.17J 

The coefficients am and ab 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 coefficients are given by 

[8.18J 

and 

[8.19 J 

where the af is the fluId expansivity. The value used in these calcula­

tions is 5xl0-4 C-1 which is an average value for lhe range of tempera-

ture to 80 0 C as seen in Figure 4.24. The pore expansivity ap ,is assumed 

to be the equal to the polycrystalline expansivity as ... In Table 8:3 the 



• 

275 

cubic thermal expansion coefficients for polycrystalline materials are 

given (after Walsh, 1973) where it is shown that ab Rj as . 

Cubic thermal expansion coefficient 

0.& as 0.& 
(Theoretical) (Vol. averaged) (Experimental) 

[10-4C-1] [10-4C-1] [lO-4C-1] 

Al20 3 14.9 14.9 15.6 

R02 23.9 23.6 23.5 

Ca.C03 11.0 13.8 24±12 

8;,02 32.7 33.4 36.5 

Table 8.3 

For '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 stress equilibrium equa­

tion 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 

[8.20J 

where f: is the volumetric strain, a the mean stress, ab is the coefficient 

of cubical thermal expansion. Kdr is the bulk modulus defined as 

Edr/3(1-2v). If the temperature distribution around a heater is 

described as T(x,y,x,t) whichs tends to a constant To 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), 

[8.21J 

where Pi and 1i are the increase of the pressure and temperature over 

ambient. 

The first part of the last equation is the definition of (3c which is the 

confined compressibility. For an undrained case, P is d'etermined by Eq. 

[8.16] by setting m=mo giving 

[8.22] 

Now it is possible to derive the excess pressure P, the volume dilata-

tion e and the. hydrostatic changes in the ambient stress, as a function 

of temperature and the parameters of the medium .. · Co~bining. the last 

two equations gives 
'! 

.'j, 

P = CXbKc(q,+ q,cxmKc -KdrCXb(q, 

T ((2q, + Kc) 
[8.23J 

and rearranging 
! ,.; .. 

P = Kc q,( cxb ( + cxm) - Kdr cxb (q, 
T ((2q,·+ Kc) , 

[8.24] 

and now add and subtract Kdrq,(CXb(+CXm) to Eq. [8.24] and from Eq. 

[8.17J we 0 btain 

[8.25J 



and using Eq.[8.7J to obtain the expression for R 

_ H 
R - ell H + (ell 

and rearranging the second term in [8.26J 

and multiply and divide with Eq. [8.26J which gives· 

amRKaT (H + (ell) 

H((2q, + KaT) 

K 
and dividing with H and from earlier (= ;; to obtain 

Ram (K + (2 ell) 

(2ell + KaT 
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[8.26J 

[8.27J 

[8.28J 

[8.29J 

and from Eq. [8.15J the expression for Ram is given and combining the 

second term with [8.25J yields 

[8.29J 

The temperature change also alters the bulk volume of the medium 

which is given by;· 

[8.30J 

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

da = -(Kc - Kd, )x( de) 
dT' T dT 

[8.31J 

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 10-50 C-1 

dT' 
1.312xlO-5 

d~ barsoC-1 7.77 
dT' , 

du barsoC-1 
dT' 

-5.42 

due// , barso C-1 2.4 
dT 

where 1000 bars = 100 MPa 

Table 8.4 

From Table 8.4 it is clear that the pore pressure P increases faster 

than the compressive stress a with temperature. The effective stress 

defined· as the confining stress minus the pore pressure decrea.se with 

2.4° C-1 bars when the temperature is increased. The measured pore 

pressure in a borehole in the floor of the extensometer drift is 7.5 bars 

(Birgersson and Neretnieks, 1982) from which the large effect of the 

temperature is easily realized. 
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The minimum stress has been measured as approximately 45 bars, 

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

bars 'in boreholes in an adjacent drift, Nelson and Wilson (1 9aO). If the 

pore p~essure had followed the hydrostatic 'gradient the pore-pressure 

would have been 35 bars but Gale et al . . (1982) report that the hydraulic 

gradient is lower than the hydrostatic pressure Hne. The mine acts as a 

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

surroundjngs. This would yield a minimum effective stress of 35 bars. 

Doe (1981) 'also reports the intermediate stress as 77 bars and the max­

imum principal stress from the extensometer-fullscale drifts as between 

199 and 241 bars. The effective intermediate stress is then 67 bars and 

the effective maximum stress is between 189 and 231 bars. 

The tensile strength of the Strip a granite is reported by Swan (1978) 

as 150 bars. Assuming that the effective stress is decreasing at a rate of 

2.4 bars C-1, as shown in Table 8.4, a temperature of approximately 77°C 

would be required to hydrofracture the rock assuming that a pore pres­

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

function of temperature is shown in Figure 8.1 where also the principal 

stresses, after Doe et al. (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 (Birgersson 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 

hydro'fracturing had been raised only with 10 C. 
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8.2 Behavior of the rock mass inferred from the Vp and Qa •. 

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 diff.er,~nt sensi­

tivity of these parameters to different physIcal processes .. There aretw? 

dominant processes which continue during the length of the experiment. 

The first is the heat.ing of the rock mass; the second is the 4ewatering of 

the rock mass by the 22 diamond-drilled boreholes. While 95(0 of the 

ultimate temperature increase 0,20 m from the heater was reached f?2 
, ' 

days after turn-on of the heater, the de~atering process extended 

throughout the entire experiment and the rate of water extraction was 

in most boreholes fairly constant throughout the experiment. The two 
. , 

measured quantities, the P-wave. velocity, Yp, and the. attenuation of P­

waves, Qai are both sensitive to changes in stress and saturation. The 

. compressional wave velocities are very sensitive to changes l.n stress in 

the region 0 - 200 bars. In this interval the fractures are in the process 

of closing. The attenuation Qa is more sensitive to the final proces~ of 

fracture closure when the surfaces are in physical contact. 

Velocity and attenuation changes in the heater midplane. 

The seismic signals recorded have traveled 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 connecting the boreholes to obtain the 

mean temperatures for all the days when seismic data were gathered. In 

this way the Vp ' Qa and the temperature are mean values over the same 

space. Change in the mean temperature over the four lines with time'is 
. ,- " 

shown in Figure 8.2 and the' data are also tabulated in Appendix C: 1. The 

highest mean temperature was found over line M8-M6, followed by M7-M9 
., . . . 

, and M7-M6. The lowest mean temperature of 38°C, at day 398 after the 

turn on of the H9 heater, was found over the line M8-M9. The highest 

recorded t'emperature increase in this line is 35° C, which is only 35 % of 

the highesttemperature increase in the iine M8-M6. Th'e sharp increase 

of lheiaverage terriperature after heater tun'~-on should be noted. ' For 

thr~e of the four lines, 95 %'of tb.-e :total ~ean temperature increase was 

reached after 80 days ~f heating. The time constants for the cooling 

cutves are approximately the same as for heating for aHlhe four lines. 

Thermal expansion caused by the heating increases 'the compressive 

stress. In the absence bf poreftuids the response would simply be that 

'the existing fractUres close and and as a result, the compressional and 

transversal velocitie's would increase. The attenuation would also 
I: . 

decrease (i.e. increase in Q), which is shown in a number of laboratory 

investigations on d'ry rock. 

As practically all rock is saturated to some degree at depths which 

are under consideration for the storage of high level nuclear waste, the 

presence of pore fluids must be considered. The water table in the area 

is approximately 10 m below the surface level around the Stripa 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 Vp for the monitor lines, as shown in ~'igure 5.1 have a regular 

behavior with temperature. The Vp increase 5-10 % from the ambient 

levels, depending on the direction of transmission. The Yp decrease 

upon turn off of the heater. For at least one line, M7-M9, the post-

heating values are clearly lower than the values observed prior to the 

experiment. 

The variation of Qa calculated over the four heater mid-plane mo'ni-

tor lines is less regular than that for the velocities. This can, however, 

be explained first by an increase of the pore pressure to the point where 

the tensile strength of the rock or an adjacent fracture is reached, and 

subsequently by a decrease in the pore fluid pressure as it expands into 

the newly created pore space. In the first case there is a decrease in 

effective stress and in the second an increase. 

In Chapter 5 it was concluded that the P-wave velocity as function.of 

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 at a particular day 

(398) thus eliminating changes in other parameters such as saturation 

or pore pressure. The P-wave velocity and P-wave 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 velociLies in line M7-M6 for a period spanning 

from 44 days before the heater was turned on to 403 days 'after the 3.6 

kW heaLer 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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off the velocity at first decreased and then showed ?-n increase, particu­

larlyafter the dewatering of the rock mass was terminated. The Q-

values for the M7-M6 line in Figure 8.3b show no linear correlation with 

temperature .. The Qa values stay constant until the maximum mean 
, . . 

temperature is reached, and then over the main part of the expe~iment, 

when the mean temperature changes very little, increase by 8 units from 

an initial value of 13. When the healer is turned of the Qa values stay 

constant at this higher level and do not go back to the ori.ginal value 

until 151 days after the dewatering of the rock mass is termlmited. 

In line M8-M9 the difference between the behavior between the P-

wave velocities and the attenuation of P:...wavesis 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 'velocities in this line, 'there is a leveling 

off and: even a decrease of Vp as the. tempera ture is increasing. This 
. . ~ :. . . 

, -
might be due to the build up of the pore pressure in this area due to the 

J . • • 

heating. The increased pore pressure would decrease the effective 
, . 

stress.'TJ:e temperature increase is less rapid in this line due to the dis­

tance form the heater and it is therefore not s,:rprising that other 

processes play relatively larger roles. At the turn off of the heater, the 

decrease of the mean temperature in this line, as seen in Figure 8.2, is . , . . 

more rapid than the corresponding incr~ase at turn on. The slope down 

from a high temperature - high velocity state is here very linear with a 
. . 

slope similar to the initial temperature-velocity function after H9 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-M6, as seen i.n Figure 
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5.15a. The two lines M8-M9 and M7-M6 are parallel as seen in Figure 5.6. 

This observation tends to confirm the hypothesis that the velocity 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. Vp increases linearly with ~emperature 

immediately after turn on. 

2. Vp levels off and decreases because of an 

increase in up due to retarded flow. 

3. Vp decryases as the mean temperature decreases 

4. Vp increases as fractures are closing 

due to a decrease in the pore pressure. 
~ . . 

Using the Vp value at day 501, when the velocities have decreased 

after cool down but before they have increased due to fracture closure, 

along with a second value at day 711 the change in the porosity can be 

calculated. In table D:1.2 in Appendix D:1, the two P-wave velocity 

values, 5809 mls and 5855 mis, can be used with the equations given in 

Chapter 5 to calculate the porosity change due to termination of the 

dewatering. Subtracting the first porosity from the second one finds the 

change in the part of the path which is water to be 11.6 mm. In Jaeger 

and Cook (1979) a relationship between length and width of a very fiat 

crack under plane stress, modeled by an elliptical semicylinder is given 

by 

v 
c 

= 2u 
E 

[8.32J 
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where v is the semi minor-axis and c the semi major-axis, a is the stress 

change and E the polycrystallin Youngs modulus in Table B.1. The linear 

Equation [B.3?J make it possible to form 

f~= 2a 
1 c E 

[B.33J 

and 

[B.34J 

. " 

and identifying ~Vi = 11.6 mm as the total closure of the fractures in 

the path. By using the pore pressure increase of 67 bars for an increase 

in the temperature of 2Bo C, given in Figure B.l, and the Young's modulus 

of 0'.B70' Mba'r""from Table B".l, c is found to' be 3B m. This is the total 

length of the fractures effected by the pore pressure change between 

boreholes'MB and M9. The average aspect ratio using the total fracture 

width over the "total fracture length is found to be 1.5x 10-4 .. This is a 

value similar to what is reported for a Westerly granite by Cheng and 

Toksoz (1979): 

In Figure "B.5 the data 'are presented for t.he line MB-M6 and the 

correspo~ding: data from'line M7-M9 are shown in Figure 8.6. In these 

two lines, which are 75° apart as seen in Figure 4.20, the magnitudes of 

the velocity change in response to temperature are very different. For 

both MB~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 B.5 and B.6 it is apparent that the process discussed for 
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line M8-M9 is influencing the data. The attenuation also changes in 

" these two lines but, as previously discuss,ed for M7-M6 andM8-M9, there 

is an increase of Qa only after the temperatures have appro'ached their 

final values. For M8-M6 the Qa values stay consta'nt as the temperatu~e 

decreases from a mean value of 65°C, at day 398 after heater turn-on, 

back to the ambient level of approximately 10° C. For M7-M9 the Qa 

values are constant as the mean temperature increases, then follow the 

common pattern of increase while the temperature is at the maximum 

level. After the heater was turned 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 than that recorded prior to the heater 

experiment. This suggests that at a distance of 0.2 m from the heater 

borehole:! wall substantial d~mage of the rock is occurring due.~o heat­

ing. 

, ; 

Permanent velocity and attenuation changes in six v~.rtical cross ~ection 
.' .' .' " ". . ." ~ 

near the heater. 

A ,temperature Qf, 77° C should increase the pore pressure 

sufficiently to h)"drofrCj.Gture the intact Stripa rpck, assuming a constant 

fluid mass. Thi~ temp~rature i~ reached in four cross-secti0Ils; M7-M6, 

M7-M8, M8-M6 and M7-M9, as can be seen in Figures 4.3, 4.4,1.7 and ,4.8. 

Over all of thes~ sections, whiel1 had, temperatures in excess, of 75° C, 

lower velocities were recorded post-heating compared to those meas­

ured prior the heater experiment. 
, , ' 

Damage to ,rock lying outside the 79° C isotherm, however, is also 

indicated .by the lower velocities measured in· cross section ,M8-M9, as 
. . . . 

seen in ,Figure 5.9., A plausible explilnatiop is th~ lo;w, ~ensile 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 o C-1 will reduce to zero the effective stress at an temperature 

increase of approximately 150 C. Such a temperature increase occurs 

,within a radial distance from the H9 heater of 3.5 m. With low tensile 

strength calcite fractures, fracturing could occur at larger temperature 

increases than 15° C. Their are no experiments reported which investi­

gate the tensile strength of the fractures in the Stripa pluton. There 

ar,e, however, fractures in the drift area which are open and thus should 

have a very low tensile strength derived from only the bridges which 

connec_t the fracture surfaces. Other fractures such as the epidote frac­

tures encountered probably have a tensile strength approaching the 

unfractured rock. The system of different fractures between the M­

boreholes can be seen in Figures 2.5-2.10. A more thorough analysis of 

the fracture system in the full scale drift is provided by Paulsson et al. 

(1982). 

The Qa values for M7-M9, as seen in Figure 6.11, show a low Qa zone 

at the heater level. This low Qa zone was not found in the data taken 

prior to the heater experiment. The temperatures reached 1300 Cover 

part of this section, a level which is higher than that attained in any 

other section. 

Compa~ing plots of the 80 0 C isotherms for the M8-M6 and the M7-M9 

cross sections (Figures 4.7 and 4.8) it is apparent that the area covered 

, by this isotherm is larger in the latter case. This is a likely reason for 

",' ~ the larger interval over which 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-healing. The velocity anomalies are also skewed 

upwards from the healer midplane and a similar shape is found in the 

velocity difference plot between the firsl and last surveys. The only zone 

with lower Qa values post-heating compared with pre-heating is across 

the heater in the cross section M7-M9. This section is only 0.20 m from 

the heater, while the M8-M6 section is 0.30 m from it. This indicates that 

lhe damaged zone from heating extends at least 0.20 m but not as much 

as 0.30 m from the heater. These Yp and Qa data also give an indication 

of the different sensitivity of the two qu~ntilies. Yp is sensitive lo a 

widening of existing fractures, ~esulilng in a lar~er fraction of lhe path 

which is water. The Qa value's are sensitive to an increased number of 
. : ,.,'. . '" ' .. 

fractures, as seen in cross section M7-M9 at the level of the heater (Fig-

ure 6.11). This is also di~c'ussedinChapter 7. The Qa values are not oth-
: . .. .-

erwise sensitive to relatively small changes in aperture of already exist-

ing frac'tures. The Qa value is sensitive of an increase of touching asper-
, ' 

ities as this seems to be decreasing the attenuation significantly. 

8.3 Velocity and attenuation as functions of fracture width. 

An experiment was conducted to investigate the effect of a water 

filled fracture on P- and S-wave velocIties and P-wave attenuation. One 

of the specimens used in the work presented in Chapter 7 was fractured 

into two parts using a tw'othin stainless steel rods and a laboratory 

press applying the rods perpendicular to,the axis of the core so the frac-

ture would be parallel to the end surfaces of the core. A bicycle inner 

tube was then slipped over the' two c'ore halves with 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 rnrn when the plates 
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on the laboratory 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 a natural fracture. To complete the 

investigation, the rough end surfaces were also ground smooth and 

parallel to within 0.001 mm and the specimen was tested with the same 

procedure 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 the P-wave and S-wave velocities are linear func­

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

waveforms 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 gro'unding 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 Figure 8.11 a and b, the 

computed Qa values are given. The Qa values increase slowly as the frac­

ture gap is decreasing from 5 to 1 mm. 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 filled with water. Such fractures do not exist in 

the area where the H9 experiment is conducted. 

The sharp increase of Qa when the fracture close from 0.5 mm to 0 

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

8.4 Summary 

. . 

In this chapter it was shown that for a constant fluid case the pore 

pressure in the Strip a granite increases with temperature. at 

2.4bars 0 C-1 . Hydrofracturing would occur at 77 0 C for the intact rock 

and at much lower temperatures .in existing fractures. 

From the monitor data a linear relationship between temperature 

and velocity was found. The gradient was dependent on the direction of 

the line with the smallest gradient in the inferred ambient umax 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 pore pressure affects 

attenuation by a gradual increase in asperity contact as the fractures 

close. 

The main result from the survey data is that Vp is sensitive to the 

fraction of water in the path and therefore is sensitive to opening of 

existing or new fractures. Qa is not very 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. 



~I 

,,, 

...--
(/) 
L-
0 
.D --Q) 
~ 

0 

b-

300 

200 

100 

~---------------------r-----~ 

I-------~'----- Tensile strength 

P-----~~--------~2 

~--~-----------~3 

of intact rock 

App. ambient 
I pore pressure 

(~ IObars) 

Q 150 

XBL839-2219 

291 

F18.8.1 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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" , , , CHA"Q£ IH AU. TEI'IP eel " ' , 
Fig. 8.3' Ii) Change in fompressional wave veloCity ~as function of change in mean terdpimitute1in 
line M7-M6. b) Change in attenuation of compressional waves as function of change in mean tem­
perature in line M7-M6. The termination of the dewatering is marked with an arro'w in Figures a and 
b. The turn off of the heater is obvious by the onset of the decrease in temperature. 
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F1&. 8.4 a) ChaIl8e in compressional velocity 1) as function o~ mean temperature in line Me-M9. b) 
Change in attenuation of compressional waves as function of change in mean temperature in line 
M8-M9 The termination of the dewatering is marked with an arrow in Figures a and b .. The turn off 
of the heater is obvious by the onset of the decrease in temperature. 
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,Fig. 8.5 a) Change in compressional wave velocity v" as function of change III mean temperature in 
line M8-M6. b) Change in attenuation of compressional waves as function of change in mean tem­
peratures in line M8-M6. The termination of the dewatering is marked with an arrow in Figures a 
and b. The turn off of the heater is obvious by the onset of the decrease in temperature. 
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CHANGE IH AU. TEPIP [e] 
FiB. 8.6 a) Change in compressional wave velocity V" as function of change in mean temperature 
over line M7-M9. b) Change in attenuation of compressional waves as function of change in mean 
temperatures over line M7-M9. The termination of the dewatering is marked with an arrow in fig­
ures a and b. The turn off of the heater is obvious by the onset of the decrease in temperature. 
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Fig. 6.7 P and S-wave velocities in a specimen with an artificially induced tensile fracture, P and S­
wave velocities as function of fracture width from 5 toO mm. Also shown is the table of the numeri­
cal results from the test. 

SP[CIIIDN'ZIL 'GN'IPO. DAT 

DATE '25 OCTo.n. llIIa 

ILNGTH Of Sl'ECIlIEH • ..71314 "'TEll. 

DIAAETER Of Sl'[Cll1E" I 5.1141 CEHTIIIETEII 

_In Of LOAIIS I II 

D£IISITY Of Sl'ECI"'" I 1111 11:" .... 3 

PORE 
YOUHGS .. lULl( .. SMEAII .. PO. III 

PRESS. '-!lAC. WIDTH P-iIMI[ WL S-wAUE WL 

'_I 11111 "1'51 1,.,51 IGI'III IGPAI IGI'A I 

.34 5 414&.'7 3141.67 51.52111 11.115&& !!i.77" .137&111 

.34 4 5141. 74 3Ig&.52 &2.1134 31.7gB 2&.&78& .1&3112 

.34 3 5288.2& 323&.47 &4.8439 34.3& 27.3485 .1854&1 

.34 2 5423.1& 3211t.31 &8.3331 39.'8811 28.2&71 .2.8714 

.34 1 5611.1 3336.74 71.37&11 43.&7g7 211.'785 .227651 

.34 .5 574'.74 3317.54 7l.588J 4&.334 2g.7857 • 23Sl!VII 

.34 .25 57114.12 3378.411 74."'7 47.848& i!8.HZ5 .i!42526 
• 5 • 5826.45 3418.5 75.22B2 48.1813 3'.3343 .2311855 
• 5 • 5121.7 3416.&& 75.4251 47.1528 JI.47V7 .237312 

Table 6.5 P- and S-wave velocities and calculated moduli for a change in the fracture aperture from 
5.0 to 0.0 mm. 
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Fig. 8.8 a) P-waveforms for a specimen with an induced tensile fracture as function of fracture 
width. Trace # 1 is for the fracture width of 5 mm, # 2 of 4 mm, # 3 of 3 mm, # 4 of 2 mm, # 5 of 1 
mm, II 6 of 0.5 mm, II 7 of 0.25 mm and for # 8 and # 9 the fracture is i.n contact but the pore pres­
sure is lower for line # 9, as shown in Table 8.5 in Figure 8.7. 
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Fig. 8.8 b) P-waveforms for the same test of the same specimen with the end surfaces of the speci­
men with the induced tensile fracture ground smooth with a diamond wheel. The advancement in 
arrival time comparing trace # 1 in this figure with trace # 1 in Figure 8.8a is due to the shortening 
of the specimen after grounding the surfaces. 
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Fig. 8.9 a) Truncated waveforms from specimen in Figure 8.8 a. b) Truncated waveforms from speci­
men in Figure 8.8 b. 
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Fig. 8.10 a) P-wave Fourier amplitude spectra (0 - 1.25 MHz) for specimen with tensile fracture with 
rough fracture surfaces. b) P-wave Fourier amplitude spectra for specimen with tensile fracture 
with smooth grounded fractures surfaces. 
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Fig. B.11 a) Q-values as function of fracture width for a specimen with rough fracture surfaces. The 
specimen was broken in a tensile test. b) 'Q-values' as function of fracture width for the specimen 
with smooth grounded fracture surfaces. 
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9. SUMMARY AND CONCLUSIONS 

In this thesis a detailed field and laboratory project involving ultra-

sonic wave propagation in a rock mass is described. It has been shown 

that it is possible to obtain much information about the behavior of a 

heated, cooled, and dewatered rock mass by transmitting high frequency 

ultrasonic seismic waves between boreholes in the heated zone. 

9.1 Field work 

Seismic velocities 

The following is a point-by-point summary of the results of the field 

work in the Stripa mine. 

t. Low-velo~ity zones can be located with a cross-hole seismic technique 

between two boreholes in the rock mass. 

2. P-wave velocities provide a quantitative analysis of the fracture poros-

ity in the medium. This is done by using the measured velocities and 

velocities obtained from the modal composition of the rock and the velo-

cities of the individual minerals. 

3. P-wave velocity variations upon dewatering provide a quantitative 

estimate of the effective porosity. This has been shown to have a direc-

tional component, i.e. the porosities so estimated vary systematically 

with direction of the cross-section. The total porosity of the Stripa 

quartz monzonite was found to be 1.5 %. The effective porosity varied 

between 0.16 % and 0.23 %, with the higher value obtained in the M8-M6 

section, a direction which is roughly perpendicular to a large portion of 

the fractures in the rock mass. 

.. 
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4. By observing the time constant of the changing velocities and 

attenuation and the change in porosity, an estimate of the permeability 

of the rock mass can be obtained. 

5. p-' and S-waves can be used to monitor thermal processes by observ­

ing velocity in?reases due to thermal expansion of the rock. The P-wave 

velocity is SeeI! to increase linearly with temperatures up to 1300 C. The 

o 
rate of change of velocity with temperature varies from 1.22 m C-1 to 

s 

o 
4.00 m C-1for mean temperatures up to 66 0 C. The largest velocity 

s 

change~ were found in the general direction of the minimum horizontal 

"principal stress. The stress directions are inferred from geological evi­

dence s,uch as faulting and pegmatite dikes and in situ stress measure-

ments. 

6. P- and S-wave velocities can be used to assess thermal damage of a 

rock mass and the extent of the disturbed zone due to heating. Damage 

to the rock mass, is indicated by permanently reduced P-wave velocities, 

wa!S observed as far as 2.1 m from the 3.6 kW H9heater. The tempera­

ture increase at this distance was less than 350 C. An extensive zone 

with permanently lowered velocity was found over two paths which 

passed 0.2 and 0.3 m from the heater borehole wall. While the compres-

sional velocities appeared to be responsive to effects from the thermal 

processes, the attenuation of P-waves proved sensitive in monitoring the 

associated process of fracture closure due to dewatering. 

7. By using a set of data from independent laboratory measurements of 

static and dynamic moduli as well ~s theoretical moduli calculated from 

the modal composition of the rock, and unconnected porosity from 

seismic velocities, it was possible to calculate the decrease of the 
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effective stress with increasing temperature. The increase of the pore 

pressure minus the increase of the confining .pressure·is found. to be 2.4 

barso C-1. This pore pressure .increase has been shown to hydrofracture 

the intact rock at a temperature of 77° C .. However, .fractures already 

existing in the rock have a much lower tensile strength and ¥fill open at 

lower temperatures;. T~e. effective stress in, the direction .of. the 

minimum principal stress.is shown to be zero for a temperature increase 

of 15° C. This temperature increase is found inside a radius of 3.5 m, at 

which distance fractures perpendicular to the minimum principal stress 

with zero tensile strength will open. 

The cross-hole technique has proved to be useful because the'velo­

city and the attenuation transmission characteristics of high-frequency 

waves contain information about different aspects of the status of the 

rock mass. 

Attenuation 

8. The field work shOws that elastic waves are highly attenuated in a 

saturated crystalline rock mass: which is extensively microfractured. 

The Qa values found before the heater and the dewatering processes 

were activated ranged from 8 to 20. This is lower than "commonly 

reported' for granitic rocks in laboratory tests. It· is also lower than 

values reported for other field tests in different rock types. " . 

9. Attenuation does not appear to change across low velocity zones. 

Attenuation is much less sensitive to fractures which give rise to low 

velocity zones. :: .... 

10. Attenuation is apparently not sensitive to different widths of water­

filled fractures as long as the asperities on the pairs of surfaces do not 
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touch. 

H. Attenuation characteristics change rapidly at some point during the 

process of closure of fractures. Laboratory tests indicate that a rapid 

decrease in attenuation occurs when the asperities first come into con-

tact. This suggests that a locking mechanism between contacting asper­

ities decreases attenuation. Attenuation should thus be a function of 

asperities which are locked. 

9.2 Laborator, work 

The uniaxial tests on the Stripa quartz monzonite show how labora-

tory data can be used together with the field data to gain a better 

understanding of the properties of the rock, as well as mechanisms for 

attenuation. The following is a summary and conclusions based on the 

laboratory work performed. 

Seismic velocities 

1. By observing waveforms as a function of applied stress, a combination 

of propagation and attenuation effects can be illustrated in one picture. 

2. The compressional velocities reveal a fracture anisotropy in the Stripa 

quartz monzonite. 

3. Both Vp. and Ys are linear functions of saturation. 

4.Both Vp and Vs are linear functions of the width of a water-filled frac-

ture. 
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Attenuation effects 

5. In the laboratory tests it was shown that changes in attenuation with 

uniaxial stress is related to the observed direction of microfractures. 

Qa increases with stress when the direction of microfractures is perpen-

dicular to the applied stress. Qp changes less than Qa with the applica­

tion of unconfined uniaxial stress. The 'small changes, and in some cases 

even decreasing values, of Qp with uniaxiaj stress indicates that frac­

tures oriented parallel to the stress direction open with stress. ". 

6. The laboratory values of attenuation reveal the level of the intrinsic 
,.,' 

, ,~~ 

attenuation for the rock in question. The low values found for the field 

data were confirmed by" the laboratory test, The numberical'values for 

Qa ranges from 15-35 at low stresses to 27-80 for 50 MFa unixial stress." 

These values are lower than what is cornrrionly reported for crystalline 
. . . . - . -

rock. Qp vary between 14-30 lor low axia.l stresses and 18-42 for axial 

stresses as high as 50 MFa. 

7. For core taken from boreholes drilled prior to the heater experiment 

both the Qa and Qp values are higher for saturated specimens than for 

convection-oven-dried specimen which yield a saturation of approxi-

mately 20-40 %, " 

8. The attenuation is more sensitive than the velocities to" the orienta-

tion of the fractures closing with the application of stress. 

9. Tests on specimens "recovered after the heater test show that the 

fracture porosity has not changed significantly. This is based on the 

observation that the change of velocities with stress has not changed in 

the heated specimen. The observation that the Qa values increase from 

20 to 242 with stress increasing from 2.3 to 51 MFa indicates that the 

aspect ratios for the existing fractures decrease because of increased 
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length of the fractures due to the heating process. 

10. The laboratory tests on three specimens from the ElO area before 

and after heating provide evidence of rnicrofracturing around this 

heater to a distance of at least 1.45 m, where the temperature had 

reached 130 0 C. From the large increase in Qa with stress it is concluded 

that rnicrofractures closed more easily in the heated samples. Based on 

this information it is concluded that the thermal process lowered the 

aspect ratios for fractures by extending them in the length direction. , 

Thin-section analysis failed to detect any difference between heated 

core and core obtained before the heater experiment~was started. This 

indicates that the attenuation properties of a specimen are sensitive to 

the extent and direction of induced rnicrofractures. 

11. Laboratory tests on outgassed samples provided information on 

.attenuation mechanisms. Under low axial stress the Qo.. values are lower 

than for the saturated case, indicating that the frame attenuation is 

important for highly fractured crystalline rocks. 

12. When the axial stress is increased on vacuum-dried specimens from 5 

to 30 MPa, Qa increased from 21 to 150. This decrease of attenuation in 

a dry specimen at high stresses suggests a locking mechanism for 

prevention of relative movement of fracture surfaces. 

13. A large decrease in Qa is observed when the saturation is reduced 

from 100 % to 65 %. 

14. Qa is minimum when the specimens are 65 % saturated. 

15. Qa increases when the specimen is vacuum-dried, if the fractures are 

oriented so that they close when stress is applied. 
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9.3 General 

It has been shown in this report that a geophysical techn!que can be 

very effective in monitoring the status of, and changes in, a rock mass. 

The information obtained about the rock mass includes the location of 

fracture zones, the porosity, effective directional porosity, and to Some 

extent, the permeability, by studying the time constant for the decre~se 

in Qa and ~ as functions of dewatering. 

It has been shown that the Q values are affected by the presence' of 

pore fluids, but that theQ values are very low even for the ,dry speci­

mens. This suggests that extensive microfracturing lowers the Q values, 

suggesting further that the dominant mechanisms in a highly-fractured 

crystalline rock are related to thermoelli\stic processes which provide a 

high intrinsic attenuation. 

A mercury porosimeter was used to obtain a fracture width spec­

trum as function of total' fracture volume. To oqiain the aspect ratio 

spectrum one has to have the length of the fractures as well. This can 

possibly be obtained from' a SEM study of the rock. 

9.4 Mechanism 

The results from laboratory tests on a specimen from the HiD area 

show that thermal extension of fractures does not lower the Q at lower 

stress levels, despite the larger contact surfaces. The rapid increase in 

Q for this sample with applied stress indicates that the fractures Close 

more easily. A possible model that would satisfy these requirements is a 

frame attenuation model for which energy is absorbed by a thermoelas­

tic mechanism. An increase in Q with stress would result from a' locking 

mechanism which causes the attenuation to decrease the more the 

, 
' .... 

.• 
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asperities become interlocked. The high attenuation "at partial satura­

tions tends to confirm the model of Winkler and Nur (1982) i.n that Qa 

was observed to change more than Qp with a change in the saturation. 

The most important part of this thesis is the demonstration that a 

small scale field experiment can be used to obtain parameters of the 

rock which cannot be obtained by laboratory experiments. This experi­

mental work will serve as a data base for building theoretical models and 

,for guiding the implementation of. ultrasonic monitoring systems in full­

scale repositories, .. 



-310-

10. RECOMMENDATIONS 

t O.t Field work 

The largest drawback with the data collected in th.e Stripa experi­

ment is the limited S-wave data collected. By improving the quality of 

the S-waves transmitted and detected between boreholes a better 

understanding of the changes in the rock mass should be achieved. 

From the laboratory work performed it is clear that S-wave attenuation 

responds more to fractures oriented parallel to the transmission direc-

tion than do the P-waves. Thus, by observing the ratio QalQp important 

information concerning the dominant fracture direction can be 

obtained. 

Suggested directional permeability experiment 

The increase of the Q values in the lower end of the cross-sections 

suggest that the attenuation is sensitive to fracture closure. This could 

be utilized in a determination of the porosity. directional porosity and in 

defining a directional permeability function. For example, this could be 

done by drilling eight boreholes in a quadratic configuration. and then 

dewatering the rock mass through the boreholes. The configuration sug-

gested would effectively isolate the rock mass contained within the 

boreholes hydraulically. By including the capability of recording the 

water inflow as a function of depth in the boreholes it would be possible 

to achieve some control on the influence of larger fractures which are 

believed to provide the major permeability of a crystalline rock mass. 

) 

. 
t. ' 

". 
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The result from the pore pressure calculations suggest that it is 

important to dewater the rock mass around radioactive canisters to 

avoid mechanical damage by the high thermal expansion of the pore 

fluids. A cross-hole technique monitoring velocity and attenuation can 

be used to determine when the dewatering has decreased the water con­

tent in the rock mass. 

A cross-hole technique can be used together with artificially induced 

excess fluid pressur~ in boreholes to determine the locati ~n of th e open 

fractures and the direction of the conducting fracture systems. 

Changes in several aspects of data handling could greatly improve 

the quality of field data obtained. Use of an AM tape recorder made it 

impossible to retain absolute amplitude control. If the waveforms were 

digitized directly in field, the signal/noise ratio would improve by an 

order of magnitude for cross-hole data over a distance of a few meters. 

Together with the active transmission of P- and S-waves a field 

experiment should include the collection of acoustic emission data to 

record micro-seismic event when fractures are extended or created in 

the rock mass. 

The porosity and permeability of the host rock for disposal of 

radioactive waste is of great interest. The pore fluids are the potential 

carriers of the dissolved waste to the surface. By understanding the 

pore fluid movements in the rock mass means can be devised to prevent 

much of the movement of the fluid. Also, dewatering the rock mass 

results in a reduction in permeability through closure of fractures and a 

consequent retardation in water flow toward the repository. This results 

in a delayed contact between the surrounding pore fluids lying outside 

the immediate rock mass and the radioactive waste. 
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The aspect ratio spectrum for the rock mass cal'l: be obtained by 

monitoring the pore pressure concurrently with Qa and 'QfJ' employing 

the relationship 

where Pc is the effective pressure nessecary to close a fracture wit'h 

aspect ratio ex and II Poisson's ratio. E is the Young's modulus. 

10.2 Laboratory work 

Any future laboratory ~ork shouldinclude, the capability of applying 

confining stress to the test specimen. Uniaxial tests alone' "made"it 

difficult to assess any differences between the Qa and QfJ for ,. the 

different specimens. Transmission of sign~ls in several different radial 

directions across the specimen would make it possible to utilize a tomog-
, , 

raphy technique for a two~dim~:nsiorial view of events'in the cross sec-

tion of the specimen. It would also' be possible to b btain a two-

dimensional lengthwise view of a specimen tested by putting several 

transducer at the same cylindrical angle along the length ofa specimen 

with the sec~nd set of trami>ducers 1800 from the 'first. 

. . . 
By applying polyaxial stress on prismatic specimen the orientation 

of the microscopic fractures can be obtained by observing changes in Qa 

and QfJ. 
'. 

.J 

J , .. 
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10.3 Implementation in an operational repository. 

The'monitoring prograrh for a repository sh'ould be done on several 

different scales. 

First it is important to understand the behavior of the rock in the 

immediate vicinIty ofa hot canister. This represents the smallest scale 

. of monitoring. The heat load can be applied with electric 'heaters in this 

test, whose purpose is to obtain confirmation of the design parameters 

to which the rest of the repository is designed. The response of the rock 

to heating arid dewatering is a complex combination of effects on the 

various mineral components, their distribution, mineral alterations and, 

of course, fractures on all scales. This can not be modeled at present 

due to the many parameters involved, so by performing the small-scale 

monitor test described above as the first stage, in the actual storage 

rock mass, necessary knowledge of the repository rock can be obtained. 

The scale of the first stage is over a few melers. 

The scale of the second stage of monitoring is over 100 m. A moni-

taring program to assess the stability of the excavated drifts should per-

formed. The loading time of a repository will probably extend over one 

or two decades, so the long term stability of the rock mass must be 

understood. This can be achieved by implementing a monitor program 

of the rock in or between drifts immediately after the drifts are exca-

vated in order to get the base values. 

The scale of the third stage of monitors is over one or two km. This 

monitor program should be implemented before excavation commences 
r 

on either shafts or drifts. This program can be performed between deep 

boreholes from the surface. Thus it will be possible to monitor the 

large-scale inft.uence of dewatering and heating, as well as the stress 
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readjustments associated with emplacement of the drifts. With the 

boreholes from the surface, changes in the rock mass can be followed 

and evaluated before, during and after commissioning of a nuclear waste 

repository. 

Ultimately, such a moitoring program should be able to provide, at 

reasonably high resolution, a verification' system for the mechanical 

integrity of the repository at the above scales. 

J 

.. 

' .. 
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