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ABSTRACT 

A cross-hole high-frequency acoustic invest iga t ion o f a g ran i t i c rock mass subjected to sus
tained heating i s reported. Compressional and shear-wave ve loc i t y measurements along four 
d i f f e ren t paths between four ve r t i ca l boreholes made pr ior . turn ing on the heater, during 
398 days o f heating and a f ter the heater was turned o f f cor; iated well with the presence o f 
f racture zones, i n which the f ractures were closed by therm ( expansion of the rock upon heat
ing. When the rock mass cooled, the ve loc i t y measurements dicated a greater i n tens i t y o f 
f rac tur ing than had existed pr ior to heat ing. Laboratory compressional and shear-wave ve lo 
c i t y measurements have been made on i n tac t rock specimens obtained from the s i t e and subjected 
to axial s t ress . When used to i n te rp re t the increases in ve l oc i t i e s measured in the f i e l d 
upon heating the rock mass, increases in horizontal normal stresses to between 30 and 40 HPa 
were i n fe r red . Increases of these magnitudes agree with stress measurements made by the other 
techniques. The ra t i o of measured compressional to shear-wave ve loc i t y appears to provide a 
sensi t ive measure of the f rac t ion of crack porosity containing water or gas. 

KEYWORDS 

Rock mechanics; u l t rason ics ; acoustic v e l o c i t i e s ; thermal st resses; dynamic raoduli; s t a t i c 
moduli ; rock mass character izat ion. 

INTRODUCTION 

One of the more promising methods developed in the past few years fo r geotechnical s i t e inves
t i g a t i o n and the character izat ion o f rock masses is the higher-frequency acoustic wave tech
nique. The high frequencies employed permit detection of d i scon t inu i t i es and the o u t l i n i n g 
of zones having d i f f e ren t physical propert ies between boreholes or behind surface boundaries 
in much more de ta i l than the conventional low-frequency seismic methods. 

Pr ice, Halone and Kn i l l (1970), HcCann, Grainger and McCann (1975) and Auld (1977) describe 
the use o f acoust ic measurements between boreholes for geotechnical purposes. Price and 
colleagues employedtne resul ts of t h e i r study to determine the optimum rock-bol t pat tern to 
s tab i l i ze a rock mass. HcCann and colleagues used the between-hole technique to del ineate i n 
terfaces between homogeneous media, tD detect loca l i zed , i r regu la r features and to estimate 
the degree o f f r ac tu r i ng in the rock mass. Auld used between-hole acoustic measurements to 
deter/iine the e l a s t i c properties o f the rock mass. 

Acoustic techniques employed w i th in a borehole have been described by Geyer and Myung (1971), 
Myung and Baltosser (1972) and by King and colleagues (1975, 1978). The appl icat ion o f acous
t i c borehole logs in detecting f rac tu res , fo r rock c l ass i f i ca t i on and in determining the lr. 
s i t u e las t i c propert ies of rock have been discussed by these workers and by Carrol l (1966, 
1969) and Coon and H e r r i t t (1970). 

In th is paper are described the resu l ts o f a research project invo lv ing cross-hole acoustic 
measurements in a fractured grani te rock mass subjected to thermal stresses. The acoustic r e 
search pro ject i s i t s e l f part of a comprehensive rock mechanics and geophysics research pro
gramme associated wi th large-scale heater tests in an abandoned i ron-ore mine in central 
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Fig. 1. Site for seismic test boreholes. 
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F ig . Z. Block diagram of acoustic 
equipment. 

Monitoring Configuration 

Sweden, as described by W'.therspoon and colleagues (1979). 

EXPERIMENTAL PROCEDURES 
The cross-hole acoustic measurements were made between four 
vertical monitor boreholes of 10m depth in the vicinity of a 
vertical heater borehole in the floor of a drift in the iron-
ore mine, at a subsurface depth of 340m, as indicated in Fig. 
1. Sn?ll volumes of water were found continuaTly to seep 
into the four boreholes, but they were blown out regularly to 
keep them dry. 
The acoustic measurements involved transmitting and receiving 
pulses of compressional and shear waves between pairs of bore
holes, employing equipment shown in block form in Fig. 2. The 
equipment and operational procedures have been described by 
Nelson and colleagues (1979). The compressional and shear-
wave received signals were recorded in analogue form for later 
harmonic analysis in the laboratory. Both compressional and 
shear wave arrivals may be picked precisely, enabling velocity 
measurements to be made with a precision of ±0.2 percent. 
The acoustic measurements described here fell into two cate
gories. The first consisted of cross-hole monitoring of the 
rock mass during the heating experiment. The transducers were placed at the midplane level of the 
heater to monitor changes in the compressional and shear-wave velocities as a function of changes in 
thermally-induced stresses and displacements with time. The second consisted of cross-hole surveys 
of the rock mass, for which the transmitters and receivers were placed at the same horizontal level 
at the upper end of a pair of boreholes and then moved down together at 0.25 or 0.50m intervals 
between measurements of the compressional and shear-wave velocities. An isometric view of the four 
monitor boreholes and heater borehole, with the heater midplane cross-hatched, is shown in Fig. 3. 
Also indicated are the four paths over which the velocities were monitored. 
A plan view of the floor of the mine drift in which the experiments were performed is shown in Fig.l. 
This shows also a simplified version of the detailed fracture map of the drift floor. Also shown 
are the instrumentation boreholes around the heater, the core from which provided excellent control 
of the structural geology and fractures present within the volume of rock monitored, as described by 
Paulsson and Kurfurst (1980). The two arrows between monitor boreholes H6 - M8 and H7 - M9 indicated 
only two of the six paths which were utilized in the rock mass characterization. 

O-. TtlO-OOM* 

F ig . 3. Monitoring con f igura t ion . 
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Fig. 5. Monitoring of S-wave velocity. 

RESULTS AND DISCUSSION 

Field Tests 

The full-scale heater (No.H9) was turned on 24 August, 1978, and turned off 27 September, 1979, after 
398 days of heating the rock mass. 
Almost immediately upon turning on the heater the compressional and shear-wave velocities Increased 
sharply, as shown in Figs. 4 and 5. Then followed a period of less rapid increase to approximately 
150 days after turning on the heater, after which the velocities remained fairly constant. It will 
be observed that between 40 and 100 days there were reductions in compressional-wave velocities, 
particularly for the path M7 - H6. Since this path is the closest to the heater, it appears that 
the reduction was probably due to the conversion of water to steam in the cracks along part of the 
path. This explanation Is consistent with the behavior of compressional-wave velocity in water and 
gas-saturated granite observed In the laboratory, and noted later inthe paper. 
Upon turning off the heater after 398 days, sharp decreases 1n compressional and shear-wave veloci
ties were observed. The changes in velocity observed during the experiment appear to be closely 
related to the directions and magnitudes of the principal virgin field stresses reported by Carlsson 
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(1978) and shown in Fig. 6. The highest velo
ci t ies before, during and after the heater ex
periment were observed over the path H8 - H6, Fig. 7. Geologic cross section 
which happens to coincide most closely with between H6 - M7. 
Carlsson's reported major principal axis of 
s t ress . 

Noticeable differences in behavior of the velocit ies over the four paths were observed after the 
heater was turned off. The velocities over paths M8 - M6, M8 - M9 and H7 - H6 show more gradual re
ductions than those over path (17 - M9, which drop almost instantaneously. The behavior of the velo
c i t ies over the path H7-M9 can probably be explained by i t s relationship to the direction of the 
minor pricipal axis of s tress . The effect of heating the rock mass will be to increase the horizon
tal stresses in such a manner as to cause them to apnroach each other in magnitude; the reverse will 
be true when the heater is turned off. 

The four acoustic monitor boreholes were al l core-drilled and the core oriented. This made i t pos
sible to reconstruct the fracture system between the boreholes, ftn example of the fracture system 
between boreholes M6 and M7 reconstructed from core data is shown in Fig. 7. A detailed discussion 
of the fracture system in the vicini ty of the heater borehole H9 is provided by Paulsson and Kurfurst 
(1980). 

The compressions! and shear-wave veloci t ies from monitoring the heater mid-plane for path K6 - H7 
have been used to calculate the dynamic values of Young's modulus and Poisson's ration using the rock 
bulk density reported by Swan (1978) and the classical expressions for homogeneous, isotropic , elas
t i c media. The resu l t s are plotted in Fig. 8, which shows Young's modulus (E) and Poisson's ra t io 
(\>) plotted as a function of time. The fact that the Young's modulus returns after the heater is 
turned off to a value which 1s lower than that before the heater was turned on, and that Poisson's 
rat io increases over the same interval of time, indicates that there are more open fractures on cool
ing than existed before the heater was turned on. 

The second category of acoustic cross-hole measurements consisted of moving the transmitters and re
ceivers down a pair of boreholes In unison. In this way the rock mass was surveyed between pairs of 
boreholes from the surface to a depth of 10m. This was performed over the path H7 - H6 on three oc
casions during the heater experiment. The f i r s t survey was performed prior to the l.eater being 
turned on, the second after 344 days of heating and the third 27 days after the heater was turned 
off. The results of these surveys are shown in Figs. 9 and 10, The velocities have been used in 
conjunction with the rock bulk density reported by Swan (1978) to calculate the dynamic Young's mo
dulus and Poisson's r a t i o . These values are plotted for the three surveys in Fig. 11. 

I t will be observed from the reconstructed geologic cross section shown in Fig. 7 that an abundance 
of c a l d t e fractures have been logged over the interval 342 - 345 tn subsurface. This interval cor
responds to the low velocity layer observed in Figs. 9 and 10 prior to turning on the heater. I t is 
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in terest ing to observe that the ve l oc i t i e s measured 
344 days a f te r the heater was turned on were, how
ever, more uniformly d is t r ibu ted over the depth of 
the depth o f the boreholes, ind icat ing a more homo- F ig . 9. P-wave ve loc i ty as a func t ion 
geneous rock mass as the fractures were closed by o f depth and t ime, 
thermal expansion. 

Paulsson and Kur furs t (1980) analyzed the degree to which d i f f e r e n t f ractures were opened by d r i l l i n g . 
Whereas 30 percent o f a l l f ractures were opened by d r i l l i n g , they observed that 90 percent were opened 
in the case of c a l c i t e fractures and only 10 percent for epidote f rac tu res . These observations pro
vide an ind ica t ion that ca lc i te f ractures are probably the weakest o f a l l . They are also considered 
to be most l i k e l y to conduct water. 

Laboratory Tests 

A l im i ted number o f laboratory tests on In tac t samples of grani te from the tes t s i t e were performed 
to complement the f i e l d t es t s . Ul t rasonic compressional and shear-wave ve loc i t ies were measured as a 
funct ion o f ax ia l stress on in tac t c y l i n d r i c a l specimens of 45mm and 51mm diameter in the manner de
scribed 6y King (1970). Measurements were made [>t room temperature on 21 specimens prepared from 
samples cored from the ver t i ca l acoustic monitor boreholes and hor izonta l extensometer boreholes in 
the v i c i n i t y o f the H9 heater borehole. 

The specimens were tested dry (vacuum-oven dr ied at 105°C and 20 microns Hg fo r 24 hours) and i n the 
f u l l y water-saturated state (24 hours sa tura t ion under vacuum, fol lowed by 24 hours pressur iz ing at 
10 MPa In d i s t i l l e d water ) . The resu l ts obtained from tests on specimens from ver t i ca l and horizon
ta l boreholes ind icated no s i gn i f i can t anisotropy. The mean valuesof the measured ve loc i t i es are 
shown in F ig . 12 as a funct ion o f axia l stress to 40 HPa. 

The 21 cy l i nd r i ca l specimens were weighed in t he i r dry and water-saturated states to obta in the bulk 
density and interconnected poros i ty . The mean bulk densit ies dry and water-saturated were 2606 and 
2611 kg/m 3 respec t i ve ly , which resul ted i n a mean porosi ty of 0.46 percent. 

The s ta t i c Young's modulus and Poisson's r a t i o were measured on ten o f the specimens w i th l eng th - t o -
diameter ra t ios o f approximately 2 : 1 , f i r s t dry and then water-saturated. A strain-measuring yoke 
consist ing o f f i v e C-gauge sensors (three ax ia l and two l a t e r a l ) was used for th i s purpose. The spe
cimens were enclosed i n a t h i n rubber membrane during the tests to prevent gain or loss o f mc/isture. 
The resul ts showed tha t the grani te behaved i n an e las t ic manner, w i th v i r t u a l l y no hysteresis occur-
ing between ascending and descending ax ia l stresses to 80 HPa. The s t ress-s t ra in re la t ions were, how
ever, non-l inear w i th the slope increasing as the stress was increased. This observation i s i n agree
ment wi th that reported by Swan (1978) f o r gran i te from the same s i t e . 

The resu l ts are shown 1n Table I and F1g. 13, where the mean s ta t i c Young's modulus and Poisson's 
ra t io dry and water-saturated are p lo t ted as a funct ion of axial stress to 40 HPa. I t should be noted 
that the s t a t i c values p lot ted are the mean tangent values measured at each of the axia l s t resses. 
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F ig . 1 1 . Young's modulus and Poisson's 
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and t ime. 

The dynamic values fo r the dry specimens (calculated from the u l t rasonic ve loc i t ies and the dry den
s i t y ) are also shown for comparison. I t w i l l be observed that there is excellent agreement between 
the s ta t i c and dynamic Young's modulus d ry , and f a i r agreement between the s ta t i c and dynamic values 
of Poisson's r a t i o . 

TABLE 1 Stat ic Elast ic Moduli 

Young's Modulus, ICrPa 
Axial Stress Saturated Dry 

MPa Secan t Tangent Secant Tangent 

Poisson's Ratio 
Saturated Dry 

Secant Tangent Secant Tangent 

3.5 56.8 
7.0 60.0 

14.0 63.4 
21.0 65.5 
40.0 69.0 

61.7 
65.2 
6B.9 
71.1 
74.9 

63.3 
66.2 
69.3 
71.2 
74.3 

67.8 
70.9 
74.3 
76.3 
79.6 

0.13 
0.15 
0.17 
0.19 
0.22 

0.16 
0.19 
0.21 
0.23 
0.26 

0.14 
0.16 
0.18 
0.19 
0.21 

0.16 
0.17 
0.20 
0.22 
0.24 

Relations Between Laboratory and Fie ld Tests 

I t is c lear from the laboratory resu l ts that the acoustic ve l oc i t i e s fo r granite are inf luenced by 
the state o f sa tura t ion o f the crack poros i ty even though the specimens tested were i n t a c t . This is 
more pronounced fo r the compressional-wave ve loc i ty , at low axial stresses pa r t i cu l a r l y , than theshear-
wave ve loc i t y . Despite the good agreement between the s t a t i c and dynamic Young's modulus calculated 
for dry specimens, caution should be exercised in comparing s t a t i c and dynamic Young's modulus fo r 
water-saturated g ran i t e . In the l a t t e r case, the dynamic Young's modulus w i l l be higher than fo r the 
rock dry, because the ve loc i t i es saturated are appreciably higher than those dry. This i s i n contrast 
to the behavior observed for the s t a t i c Young's modulus dry and water-saturated. The presence o f a 
larger number o f cracks and f issures w i l l tend to exacerbate the s i t u a t i o n . These observations are 
consistent w i th those predicted by the theory developed by Kuster and Toksdz (1974) for e l as t i c wave 
propagation in dry and w a t e r - s a t i a t e d media containing pores and cracks. 

Although the laboratory ve loc i t i es have been measured under condit ions of axial stress on l y , they are 
probably close i n value to the values measured under a l l - round conf in ing stresses in the same range. 
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moduli Str ipa Grani te, dry 
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Wyl l ie , Gregory and Gardner (1958) reported an observed i n s e n s i t i v i t y o f compressional-wave v e l o c i 
t ies to whether the rock specimens were subjected to axial or a l l - round confining stress a t stresses 
in the range indicated here. This leads to the conclusion that the ve loc i t i es measured along a par
t i cu la r path in the f i e l d are probably inf luenced most strongly by the component of normal stress 
act ing in the same d i r e c t i o n . The laboratory ve loc i t i es as a funct ion o f axial stress probably pro
v ide, there fore , an upper bound to those l i k e l y to be observed in the f i e l d . 

Results of the heater raidplane monitoring tes ts indicate increases i n compressional-wave v e l o c i t i e s 
on heating from between 5700 and 5900 m/sec to between 5900 and 6U00 m/sec, and in shear-wave ve lo
c i t i e s from between 3200 and 3500 m/sec to between 3450 and 3550 m/sec fo r the d i f f e ren t paths. 
These increases i n v e l o c i t y are consistent w i th increases in the corresponding component o f normal 
stress to between 30 and 40 MPa, based on the laboratory measurements. Stresses of these magnitudes 
were also indicated by other rock mechanics measuring techniques. 

The ra t i o of compressional-wave to shear wave ve loc i ty i s suggested by the laboratory resu l ts to be 
a sensi t ive ind ica to r o f the degree to which the crack porosity i s water or steam-saturated. This 
point has already received a t tent ion e a r l i e r i n the paper. I t is expected that laboratory tes ts per
formed on dry and water-saturated gran i te specimens containing open d iscon t inu i t ies w i l l e x h i b i t an 
even more pronounced e f f ec t of th i s nature, 

CONCLUSIONS 

I t is concluded tha t the cross-hole, high-frequency acoustic wave v e l o c i t y technique provides a pro
mising method fo r monitor ing changes tn stress and for detecting the presence of inhomogeneittes 
such as f rac ture zones and j o i n t s in a c r y s t a l l i n e rock mass, although the method is probably s i t e 
spec i f i c . The r a t i o o f compressional-wave to shear-wave ve loc i ty appears to be a sens i t ive measureof 
the f rac t ion o f crack porosi ty occupied by water and gas. 

Considerably more laboratory measurements are s t i l l required of acoustic ve loc i t ies in rock specimens 
containing natural and a r t i f i c i a l d i scon t i nu i t i es and subjected to d i f f e r e n t states o f stress and 
pore f l u i d pressure. This information w i l l provide for better i n te rp re ta t i on of the f i e l d da ta . 

ACKNOWLEDGEMENTS 

The research reported comprises part o f an extensive rock mechanics and geophysics program to explore 
the p o s s i b i l i t i e s o f using a large c r y s t a l l i n e rotK mass as a geologic reposi tory for nuclear waste, 
sponsored by the Swedish Nuclear Fuel Supply Company (SKBF) and the U.S. Department o f Energythrough 
the Off ice o f Nuclear Waste Iso la t ion under Contract B511-0900-1. In pa r t i cu la r the authors wish to 
acknowledge the continued support and encouragement provided by Mr. L.B. Nilsson of the Swedish Nuc
lear Fuel Safety Program (KBS) and Dr. P. Nelson o f La .rence Berkeley Laboratory, Univers i ty o f C a l i 
f o rn ia . The generosity of Hagybruk AB and VIAK during d r i l l i n g and surveying the tes t boreholes is 
g ra te fu l l y acknowledged, as were the conscientious e f fo r t s of Messrs. L. Andersson and G. Ramquist i n 



8 

assis t ing w i th data co l l ec t i on . We are indebted also to Terratek, Inc. of Salt Lake C i t y , who de
signed the cross-hole acoustic equipment and took an active part i n designing the experiment, and to 
Margot Harding, who drafted the tex t f i g u r e s . M.S. King wishes to acknowledge the Ca l i fo rn ia 
I ns t i t u te for Mining and Mineral Resources fo r par t ia l support of t h i s research. 

REFERENCES 

Auld, B. (1977). Cross-hole and down-hole Vs by mechanical impulse, J . Geotech. Engin.Diy, ASCE, 
103, GT12, 1381-7393. " 

Carlsson, H. (1978). Stress measurements i n the Str ipa gran i te . Universi ty of Ca l i f o rn i a , Lawrence 
Berkeley Laboratory, Report LBL-7078. 

Car ro l l , R.D. (1966). Rock propert ies in terpreted from sonic ve loc i t y logs. J . Soi l Mech. Found. 
Div. ASCE, 92, SM2, 43-51. 

Ca r ro l l , R.D. (1969). The determination of the acoustic parameters of volcanic rocks from compress-
ional ve loc i t y measurements. I n t . J . Rock Mech. Hin. S c i . , 5_, 557-579. 

Coon, R.F., and A.H. Mer r i t t (1970). Pred ic t ing in s i t u modulus o f deformation using rock q u a l i t y 
indexes. In Determination of the In Si tu Modulus of Deformation of Rock, ASTH Publ icat ion 
STP 477, pp. 154-173. 

Geyer, R.L., and J . I . Myung (1971). The 3-0 ve loc i ty log : a too l f o r i n s i t u determination o f the 
e las t i c moduli of rocks, Proc. 12th Symp. Rock. Hech., Ro l la , pp. 71-107. 

King, M.S. (1970). S t ra t i c and dynamic e l a s t i c moduli of rocks under press-re. Proc. 11th Symp. 
Rock Mech., Berkeley, pp. 329-351. 

King, M.S., V.S. Pobran and B.V. McConnell (1974). Acoustic borehole logging system. Proc. 9th 
Canadian Rock Mech. Syrop., Montreal, pp. 21-51. 

King, M.S., M. R. Stauffer and B . I . Pandit (1978). qua l i ty of rock masses by acoustic borehole 
logging. Proc. H I I n t . Congress IAEG, Madrid, Section IV, v. 1 , pp. 156-164. 

Kuster, G.T., and M. N. ToksBz (1974). Ve loc i ty and attenuation of seismic waves i n two-phase media: 
Part 1 . Theoretical formulat ions. Geophysics, 39, 587-606. 

McCann, O.M., P. Grainger and C. McCann (1975). Inter-borehole acoustic measurements and t h e i r use 
i n engineering geology. Geophys. Prosp. , 23, 50-69. 

Myung, J . I . , and R. W. Baltosser (1972). Fracture evaluation by the borehole logging method. 
Proc. 13th Symp. Rock Mech., Urbana, pp. 31-56. 

Nelson, P., B. Paulsson, R. Rachiele, L. Andersson, T. Schrauf, W. Hus t ru l i d , 0. Duran and K. A. 
Magnusson (1979). Preliminary repor t on geophysical and mechanical borehole measurements 
at S t r i pa . Universi ty of C a l i f o r n i a , Lawrence Berkeley Laboratory, Report LBL-8280. 

Paulsson, B.N.P., and P.J. Kurfurst (1980). Characterization of the d iscont inu i t ies in the Str ipa 
grani te - the f u l l scale experiment d r i f t . University o f C a l i f o r n i a , Lawrence Berkeley 
Laboratory, Report LBL-9063. 

Pr ice , D.G., A.U. Malone and J .L , Kn i l l (1970), The appl icat ion o f seismic methods in the design 
o f rock -bo l t systems, Proc. I I n t . Congress IAEG, Par is , v. 2 , pp. 740-752, 

Swan, G. (1978). The mechanical propert ies of Str ipa gran i te . Univers i ty of Ca l i f o rn i a , Lawrence 
Berkeley Laboratory, Report LBL-7074. 

Witiierspoon, P.A., J . Gale, P. Nelson, T. Doe, R. Thorpe, C. Forster and B. Paulsson (1979). Rock 
mass character iza t ion fo r storage of nuclear waste in gran i te . Proc. 4th Congress I n t . Soc. 
Rock Hech., Montreux, v. 2, pp, 711-718. 

Wy l l ie , M.R.J. , A.R. Gregory and G.H.F. Gardner (1958). An experimental invest igat ion of fac to rs 
a f f ec t i ng e l a s t i c wave ve loc i t ies i n porous media. Geophysics, 23, 459-493. 




