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Table 1 Elastic constants of the model in gigapascals

Cun G Coss Cuzm Cosn Coss Cosms Cant Cuae
40.0 500 55.0 60 7.0 80 220 200 180
a=10°, B=20°, 7r=30°
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Table 2 Calculated sound velocities of the model in m/s

g Ly, LK,
Direction VgP VgS, VgS, VqP VqS,; Vgs, VqP V@8§, VS,

0 4240 2670 2854 4481 2853 2734 4010 2786 2693
15 4334 2675 2869 4380 2805 2735 4099 2823 2693
30 4429 2693 2883 4245 2728 2753 4215 2853 2661
45 4502 2718 2889 4103 2701 2742 4311 2875 2625
60 4538 2738 2885 3992 2678 2761 4351 2884 2612
75 4531 2745 2871 3953 2678 2780 4323 2877 2632
90 4481 2734 2853 4010 2693 2786 4240 2854 2670
105 4397 2723 2838 4141 2797 2705 4139 2814 2699
120 4297 2706 2831 4295 2830 2706 4055 2766 2698
135 4208 2693 2833 4428 2866 2712 4002 2742 2661
150 4161 2683 2837 4510 2886 2724 3976 2739 2641
165 4174 2675 2844 4528 2883 2735 3973 2754 2664
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Fig. 1 Sound velocities of quasi—dilatational waves, VqP,

propagating in the three perpendicular planes
normal to the principal axes, (X,, X,, X;), of the
model listed in Table 1.

Var= (X ((Ve—Vo)/Ve)2/N) x 100
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Fig.2 VqP propagating in the three perpendicular planes
normal to the observation axes, (X", X3", X;5").
The qVP with random errorxs up to 70 m/s are
indicated by symbols.
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Table 3 Calculated sound velocities of the model with
random errors up to 38 m/s

X X, X,

Direction  VqP V@S, VgS,; VP Vg8, V¢S, VqP Vg§, VqS;
0 4240 2681 2887 487 2862 2724 4009 2807 2710
15 4326 2706 2846 4354 2808 2752 4084 2857 2683
30 4462 2664 2891 42711 27158 2772 4231 2801 2668
45 4516 2715 2886 AT 2121 2758 4330 2846 2630
80 4505 2702 2920 4003 27113 2742 4378 2874 2601
IS 4562 2762 2883 3017 2653 2777 4349 2854 264
90 u7 218 2853 4010 2717 2806 4270 2883 2634
105 4400 2695 2820 4151 2800 2704 4105 2786 2681
120 4321 2674 2842 4321 2862 2690 4077 2729 2663
1% 4212 2667 2812 426 28% 2730 4032 2737 2695
150 4154 2696 2832 4486 2867 2745 3979 2757 2672
165 4169 2698 2848 4531 2897 2713 3958 2721 2642

Table 4 Calculated sound velocities of the model with
random errors up to 70 m/s

Ly, L Ly,
Direction VqPVqS,VqS,  VqPVaS, VaS,  VqgP VaS, VS,
0 428 71 795 418 BB 252 3063 2854 2667
15 480 2630 W16 4364 2744 221 4119 2805 2726
30 4308 2627 B> AT 289 255 4200 2000 2724
45 M73 2678 W18 4106 2716 2707 4308 BI5 2587
60 488 2710 2027 3069 2698 2801 4308 2004 281
(] 4552 2777 W12 020 6T 2B 4200 2874 2655
90 4547 779 219 4079 2682 2767 423 2837 2642
105 4354 7149 2778 4080 2751 2658 406 2820 2631
120 462 2772 2882 48T 2097 2142 A0 2700 2764
1% 400 2634 2768 4486 2887 2738 4015 2778 2626
150 4155 2658 2842 4465 2834 2781 3031 2748 2610
165 A3 7129 719 M9 2036 2605 3015 2769 2645
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Table S Estimated twenty—one stiffness constants in
gigapascals

Notation Constants T standard errors

*]
42.410.0
47.3£0.0
53.0£0.0

7.3£0.0
7.3%0.0
7.6%£0.0
21.2£0.0
20.4£0.0
19.6£0.0
-1.8£0.0
1.2£0.0
1.8£0.0
2.3£0.0
1.7£0.0
-1.940.0
-0.0£0.0
-0.4£0.0
0.3£0.0
0.60.0

*2 *3 *4
42.340.2  41.1£0.9 421%0.3
47.4£0.2 46,1215 47.410.3
53.0+0.2 522£0.6 527%0.3

7.310.3 -96.017?7? 7.2%0.6

7.3£0.3 -26.61777 7.0%0.6

8.2£0.3 -108.6177? 7.010.6
211201 7801777 21.0%0.3
20.5£0.2 3761777 20.6%0.2
19.920.1 69.1£777 19.310.2
-1.9£0.1  -1.4%0.6 -Z0%0.3
1.2£0.1  1.5%0.7 1.3%0.3

2001 28%0.8 1.4%£0.3

24£0.1  4.5%14 21203

1.5%0.1  25%0.6 1.9%0.3

-1.8£0.1 -2.2%0.6 -1.8%0.3
-0.0£0.3 52.4£777 0.2%0.7
-0.4%0.3 -88.6£777 0.6%0.8
0.0£0.4 -17.0%7?7 0.720.9

0.8£0.1 10.0£7?? 0.70.2

-0.9%0.0 -0.9+0.1 ~0.7£0.3
0.5£0.0 0.6£0.1 -25.8%77? -0.2%0.3

N 36 108 40 108

*5
41.7%0.6
47.610.4
52.610.4

5.7t3.2
5.4%12.4
6.7x2.1
2.9£0.8
21.0%0.8
19.4£0.8
-2.210.6
2.4%0.9
1.1£0.4
1.7£0.8
1.8%0.5
-1.2£0.7
9.4£9.0
-2.5%1L0
-9.218.9
0.6+0.4
-0.4£1.3
0.3t1.2
48

*6
42.020.5
47.610.4
52.510.4

6.3£0.9
7.5%1L1
5.5%0.9
20.9£0.4
19.710.4
19.740.4
-1.5%0.4
1.6£0.4
1.1x0.4
1.610.4
2.520.4
-2.0£0.4
-3.6%0.7
-0.2£1.0
7.1£0.8
23103
-0.7£0.3
-1.1£0.3
36

Cun
Cozz
Cax
Cuz
Caar
Coza
Can
Ca
Ciorz
Cunan

Cniz

25

41.2£77?
N: Number of data used.
*1: Sound velocities of qP waves with accuracy of 8 digits were used.
*2: Velocities of gP and ¢S with random errors up to 38 m/s were used.
*3: Velocities of gP with random errors up to 38 m/s were only used.
*4: Velocities of qP and qS with random errors up to 70 m/s were used.
*5: Velocities of qP in every direction and g8 in the direction of the
observation axes with random errors up to 70 m/s were used.
*6: Velocities of gP with random errors up to 70 m/s
The calculated sound velocities of qS waves were alsoused in  the
calculation of derivatives of the error functions.

were only used.
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Fig.3 For the case 3 shown in Table 5, Cyy, obtained in
the course of searching solutions by the conjugate—
gradient—method were used to calculate VgP.
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Normal to X3~
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For the case 6 in Table 5, calculated Vq$ in the
course of searching solutions were additionally used
in the calculation of drivatives of the error functions.

Fig. 4

Table 6 Estimated nine stiffness constants in gigapascals
and rotation angles, @, £ and 7, indegree

Notation Constants * standard errors

*]
Cun 40.0£0.0
oz 30.0%£0.0
Caxg 55.0£0.0
Cuz 6.0£0.0
Ca 7.0£0.0
Cos 8.00.0
Con 22.020.0
Cam 20.0£0.0
Ciz 18.0£0.0
a 10.0£0.0
B8 2.0£0.0
v 30.0£0.0 30.5£0.6
N 3 108

*»
30.0£0.3
49.510.2
55.010.2
6.31£0.5
6.1£0.5
7.7£0.5
21.210.4
20.4%0.4
18.610.6
10.1£2.5
2.211.0
8.7£1.5

48

*§
38.610.2
49.610.2
54.9%0.2
6.2£0.5
6.1£0.4
8.0%0.4
21.010.2
20.8%0.3
18.6£0.4
10.4%2.5
2.61.1
289116

36

*2
30.910.1
50.4£0.1
54.9%0.1
5.840.2
7.4£0.2
8.2%0.2
2.1%0.1
2.1%0.1
17.910.2
10.7£1.2
20.1£0.5

*3 4
20.840.2 40.0%0.2
50.6£0.2 49.8%0.1
54.710.2 54.7+0.2
4.8%1.4 59104
7.7£1.3 6.3%0.4
6.7t1.2 7.8%0.3
23.210.9 21.8%0.2
20.1£1.1 19.9%0.2
18.1+1.4 17.910.3
10.11.6 7.9%25
20.310.8 19.510.9
30.6£1.0 28.9%1.3

36 108

26

N: Number of data used.

*1: Sound velocities of quasi—P with accuracy of 8 digits were used.

*2: Velocities of gP and qS with random errors up to 38 m/s were used.
*3: Velocities of qP waves with random errors up to 38m/s were only used.
*4: Velocities of qP and ¢S with random errors up to 70 m/s were used.
*¥5: Velocities of qP in every direction and the ¢S in the direction of the
observation axes with random errors up to 70 m/s were used.
Velocities of qP with random errors up to 70 m/s were only used.

The calculated sound velocities of g8 were also used in the calculation
of derivatives of the error functions.

*6:
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46 + Normal to X!”

Normal to X2"

SOUND VELOCITY, VqP, km/s

Normal to X3"

Table 7 As a simulation of four boreholes measurement,
sound velocities of the model with random errors
up to 38 m/s were picked up in restricted directions

L A Ly
Direction VgP Vg8, V@S, VqP Vg8, Vg8, VqP V@S, VqS,
0 4240 2681 2887 4487 2862 2724 4009 2807 2710
15 4326 2706 2846

30 4462 2664 2891

45 4516 2715 2886 4117 2727 2758 4330 2846 2639
60 4003 2713 2742

75 3917 2653 2777

90 4471 2728 2853 4010 2717 2806 4270 2883 2634
105 4151 2800 2704

120 4321 2862 2690

135 4212 2667 2812 4426 2895 2730 4032 2737 2695
150 4154 2696 2832

165 4169 2698 2848

Table 8 As a simulation of four boreholes measurement,
sound velocities of the model with random errors
up to 70 m/s were picked up in restricted directions

3.8 +x1” L2 Ly3"
0 45 90 135 180 Direction VaP VaSl VaS2  VaP VSl VaS2 V&P VSl VaS2
0 4228 2739 2795 418 2898 2752 3063 2854 2667
AZIMUTH, deg 5 470 %m 26
30 438 2627 875
Fig. 5 For the case 6 in Table 6, VqP propagating in the ;5) ur 2m 218 ggg Zég ggz 4308 2815 287
planes normal to the observation axes were = 30 %75 7%
calculated by Cgk1 with respec’f to the principal % 547 2710 719 4070 %682 06T 4255 2837 2642
axes and rotation of the coordinates. 105 4080 2751 2658
120 4287 2197 2742
135 4200 2634 2768 4486 2887 2738 4015 2779 2626
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Table 9 For the two models shown in Tables 7 and 8,
nine stiffness constants in gigapascals and rotation
angles, @, 8 and 7 in degree were estimated by
sound velocities

Notation ~ Constants T standard errors

*1 *2

Cun 39.8%0.1 40.820.2
Crz 50.3%0.1 50.3+0.2
Cis 55.2%0.1 555103
Cuz 55%02 6.0X0.5
Casyy 7.910.2 6.610.6
Css 7.9£0.2 8.0%0.4
Coans 22.0%0.1 214103
Cazy 20.210.1 19.920.3
Crz 181103 178305
a 11.6%1.2 5128
B 21.0t0.6 20.0%f14
k4 30.1£0.7 284%1.6
N 20 20

*1: Velocities of qP and ¢S with random errors up to 38 m/s were used.
¥2: Velocities of gP and ¢S with random errors up to 70 m/s were used.

KEVHEOBRITALENSH S5, BHEEFMPERX
T4000/sDIESDENDH - Th, BITEREALEIBONSD
EBNTNBY, WOBKBEEREITNTEALTHED
T, ARROEGSELIZENLS. HREEEWCEFERE
HRAETIRERT S 3FEASH XL EORNS
FEOEFEIFRT RN T E A, Z0 & AEHIITHER
BT 2T TH A%, SBIECIEERINTREL A M &l
e 3 EBbh5, HAEEFASKER -V 7HHE
AN EEREEMETER TR - MCER S ZKFEA
OEBEHENFRET B ENBNEFEINE. FPfT
H2ERDRT R - NEGUCRERNOEEFHS, K7k
— VB 45" IR D B A ASEIT 3 Z SO EEBERHANE .
MEEE, LOBHREYD AT 45 PR RO
WEEETH B, HHEEHOREAHEES N B2
ICIIEROENR - ) V7RI T ALERS S, Lo
> TEBPHEMICH BRI, EET - 0B OHELH
HENEMD DHEETORNTISLEND ).
IDEHIBREELS, AROHER TR - NERAOIE
BOYIab-varveElT, ThETOHEICAWLE
FIDXEARE S M EREL, BEFHRD OX #E458
PUROFRMIERT 2 ROZEFRLHBRL, & SIKkF
EAEER, SICHELFMUAOEEFHREHBR L
EFNEER LTz, Table T LUBICRTHRBIZIZIDLD
BEHEXICLOERLEETIVTHS. 1P LRTR-I
AR OEBEREITE SO TLy Hh Mo E EFRIER
LA o fo. ZOBAICITREEEE T CRRIEROAET
ZOTHBEREDMA TN AT - 12, TOER%Table
YICRT. EREFUMMRETE B4 OIE, ERES mEk

28

ATHBIORZELTENBONS. THOBIDETIV
IRINEBEOELDEBLUTF - FORBRH-TH
HHREET - 70PN IEFLBENBONS. TBEMT
—YUITRIEILLD, RORXELORUE RO
WEBLEHHEEEDNS.

2L 05y /OEARICERT AIEREDREHIT
ZLDOEEETHEN D OSNTEY, HELIDOENS LD
CUATREHEDRBEEL SN AP, FLXLITAEA
ENORTHEV aAf v bOEABG I ALEREERTE
BDoNFDH B, XNOEINNIHBVIBECHE
HOBTERTE0T, BAEAETZIENEL, &8
BEINPUINESFHEBEEAE LTIBEEILELLN
3.
&N D2 SO ERICERTEL D 5 SEihic st
LTARELER UBEER SN ONMEYS 20 CTHATH S
FOBERIIHINL, BRENDILIVECREFEIRIR
D3 AV, MTEBIZT ERICEET A EROEXICERT
BBOES, 77 b~ 7 REMEHIBEETAODT
Eafsh >ItEET 3280 AR ESEMTRE L O /D
XVEEEERH 5. —F, T TR CIIEmICE
ERFAEFTEFAOBAZENKE S LI HANER/I
OTHEICRLFHENEMTATMEERSGH DD B, Thdho
YOKTHEAL, BEANFEETIHEICE, Eholdsnd
LYHETBEIZELSN. RBEEEIIEHhODRADKDE
BLABMIZUA30IHML, BEREIZIRE(EETS
Cisii(i 7 DIKOBEAZF T LOITFHMERR TERS
NABBEC, KD BEAZII V). IO XIRBEI
TR E RN R &L B REEN D 5.
HEHREEE AV, ERER SHEBITICLORES
HEHRERDLILGEZ oNE. JOBORAELT
PIZ B LU FEOWAEEH T B ENTESL. B
HEBBERD RO HERRIIHM T EMEALOBHLE
ERWICEERANVA I LN TEEDIIH L, BHEEEN
SR I HEFEBIIBEERRTH 0, BNLREOREN
ITAWBRZERNTERVWETAHHGHDH 3. L LNal
and Knopof 2 khid, Xh DR EEEMD Ry — V&t
BUTEABEEAZICEVARENERIZBEL ALY
AESITRBNEBITTE ONCHEEREE S NETIC X
DEONEREEEN—RTI0T, ABICAVIEE
CHEETAZEICLD ZOMBARF I ENTEEEE
Zohb.
HMEMIGCH T EHEMEGIEREREL->THA
ZENERTHY, TOERRTHHEBREIEEELS.
Uizl TAFRE TR Uk, BEBREDS ETELHHE
EBE, 0L ULHEERERT I ABRER
WABERHAHD.



6. KB

BEHEAOE®FEEIL, TOMHEPYHREELTHBE
HL, FEOFAOEFEAHIT A &L THREZO
BIEREBTH - oy, SAHRMESHRMAES RGO F
¥, FEOFHOEEFRD A O HBHEERIERYE, MR
DHAL JCEREERLABRET ERABRESIND LI
Hot., DVThOBELERHABERNRE L LASOT
EROFMIITREbHA TR L., FROLTHOFRITE
THHBEEORENNETH » 7. KR TRENIHE
Ri3, REEFELIBOSNEOEETH, ELOFADE
EESENSNIL2EOEERYE, 30 RERXRABMR
EICREY 3 9 MO B EE IS LU EEE R & u R AR
FOEBERDBZENTERIEERLTNAS.
ARDOHRERTHA - NERELLYI2V-Ya TR
BRI CHEBEEEANA IS kY, FLH
BARETEHETOHBRBEARET S I LNWETH
Bl EMREhE. ULy ialb-YaVvitBunhkEsET
NVTREEINTRRK ET0n/sDE S5 DXL HBWEREDF
WABIEREDS) x 50 x 15 cn &7 By 7 TEONE
SOXELRABETH B, IHITKRELESLODENRTEIN
BEBOYHIMICH /o> TREAFROY Ialb—Vay
THOIBE IV E DBRNDEL L BTN H 5.
HEESRG OB aIciR, FHRRIBERETD
HEEOERT A 3 FEANDOREFRL, OR R AL
FETRIENRTEBZZENRENTNS, APFRITHRE
BEEEATERELAMEESE) SR FHBERBEREEET S
FHEOEREFENHELT, EHFREZBBEOIEL D&%
ETAEXRTAEED 3 FEHNOREFRI SEFHHENME
FREERDHBFHEIZONT, Bril&ERLTE .
IITENLDEREEFEDIEUTOELVTHS.
(1) HEEEEEHEE - BOTIENEERD21E
DOBHRERD B DICIIIERENEEIBETH - /.
2) BBEEHRRIE > AWLEAETH, EXEHHER
EONHEIMETE 2BEI0L, EHRE 1 %YBED
5 D&W OEMEREACRD Shic
(3) HEFEENTE - HHLBEETS, BIICLORE
AHBEERERAOCCEEAROMBEEBICEAT S S
&SIk, MHBEARE U THIRESE S
4) AHEBEMREHEEEL, KFENOEEHERHL X
AR TR — U 45° NDO BEERIAR L THEBE
T, WEERNSNITBFT TS - 2.
(B) WThoBHesd, BEREHRBES—HTLHNIL
RED MDA L Uk,

29

EE 3Tk

1) Sano, O., Y. Kudo, Y. Mizuta: Experimental Determination
of Elastic Constants of Oshima Granite, Barre

Granite and Chelmsford Granite, J. Geophys. Res., Vol. 97,

pp- 3367-3379, 1992.

Birch, F.: Compressibility, Elastic Constants, in "Hardbook

of Physical Constants”, ed. S.P. Clark, Jr., pp. 97-173, Geol.

Soc. Amer., Boulder, 1966.

SFBiE, SRk SEEBERBICES(SBERE

BIOKERE, BREFM, Vol. 106, pp. 121-126,

1990.

Tarantola, A.: Inverse problem theory, 613 pp., .Elsevier,

Amsterdam, 1987.

8, REHS, TH¥E=, KHZEE  BEREEL

BUWIERYES 5y 7 BEOEN, HTIXROF+S

rEY¥-—YavT~7 Y ay THRXE pp. 7175,

1990.

Peacock, S., C. McCann, J. Sothcott, T.R. Astin:

Seismic Velocities in Fractured Rocks: an Experimental

2)

)]

4

5

6)

Verification of Hudson's Theory, Geophys. Prosp., Vol. 42,
pp. 27-80, 1994.

Sayers, C.M.:
Measurements to Obtain the Microcrack Orientation
Distribution Function in Rocks, Eng. Fract. Mech., Vol. 35,
pp. 743-749, 1990.

Oda, M., T. Yamabe, K. Kamemura: A Crack Tensor and
its Relation to Wave Velocity Anisotropy in Jointed Rock
Masses, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.,
Vol. 23, pp. 387-397, 1986.

Kumazawa, M., O.L. Anderson: Elastic Moduli,
Derivatives and Temperature Derivatives of Single—

7 Inversion of Ultrasonic Wave Velocity

8)

9) Pressure
crystal Olivine and Single—crystal forsterite, J. Geophys.
Res., Vol. 74, pp. 5961-5972, 1969.

10) Lo, T.-W., K.B. Coyner, M.N. Toksoz:
Determination of Elastic Anisotropy of Berea Sand—

Experimental

stone, Chicopee Shale and Chelmsford Granite, Geophysics,
Vol. 51, pp. 164-171, 1986.

1D E5HE, THE=, FIRYE, KEHY : RLHEEL
TOEREOBERIZE T 5 EBRIIFF, A, Vol
37-418, pp. 818-824, 1988.

12) E5HE, REHMES, FEE, L=, KE&KY: ®
R RAD S AOHEREREICHT 55, #
¥, Vol. 40, No. 449, pp. 228-234, 1991

13) McSkimin, H.J., in "Physical Acoustics", Academic Press,
New York, 271 pp., 1965.

14) Musgrave, M.J.P., Crystal Acoustics, 288 pp., Holden-Day,
Oakland, 1970.

15) {EBHE, TEEZ, SEFE FEZ: 560
EfREOL oD XICMT A, LRERHXE, No.
388/w-8, pp. 141-150, 1987.

16) Hisanaga, K., Y. Kudo, O. Sano, K. Nakagawa: Preferred



Orientation of Granite Joints in  Oshima, Southwest Japan, 18) Mal, AK.,, L.Knopoff: Elastic Wave Velocities in
Proc. Int. Symp. Assesment and Prevention of Failure Two~component Systems, J. Inst. Math. Its Appl., Vol. 3,
Phenomena in Rock Engineering, ed. Pasamehmetoglu et al., pp- 376—- 387, 1967.
Balkema, pp. 543-548, 1993.

1) ET8# -« FRME—: D vy FRBE LUKERRIZL
BEAEEBYBEOREFEIIET AHR, TAFSR (1996.7. 30 24
& No. 469/1-23, pp. 83-91, 1993.

A METHOD FOR DETERMINATION OF ELASTIC MODULI OF ANISOTROPIC
ROCKMASS WITH SOUND VELOCITIES OF DILATATIONAL WAVES

Osam SANO, Kazunari ISHIDA, Toru HIRANO and Yozo KUDO

A measurement of sound velocities is one of the useful methods for evaluating elastic moduli of anisotropic
rocks. Shear wave velocities have been almost always used in the determination of the elastic constants of
rock specimens. However, the identification of direct shear waves in rockmass should often be difficult, due
to mode conversion at boundaries and shear wave splitting. The present study discusses how to evaluate
elastic moduli of anisotropic rockmass without any observation of shear wave velocity. The simulation
study showed that the elastic moduli were very difficult to be determined exclusively by using the sound
velocites of quasi—dilatational waves in a practical condition that the velocities in every 15 degree interval in
three orthogonal planes with an accuracy of better than 2%. When the gradients of the error—functions with
respect to the calculated shear wave velocities were combined with the information of observed dilatational
waves, all of the elastic moduli could be effectively determined.
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