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Abstact

Most of the disastrous earthquakes occur in the lithosphere, from the ground surface to about 100
km depth in the Earth. The structural property of the lithosphere appears to be very inhomogeneous. As
the groundwork for earth sciences, it is essential to understand the inhomogeneous structure of both
elastic property and fracture strength in the Earth. To accomplish the subject, we tried to elucidate the
details of the following three topics on the basis of both observational and theoretical approaches: study
of microearthquake distribution and inhomogeneity of fracture strength; seismic wave propagation

characteristics in inhomogeneous media; study of strong ground motion and source rupture process.
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T, vEREMNEEDI-ODI Ty I8, a2 2757y 7ORBMOEILT2E, e=vati s,
BRI E R E RO 25HEHICIE 2 & THE K OB H 2 5 (Budiansky and O’Connel,
1976 | Garbin and Knopoff, 1973, 1975 ; Hudoson, 1981 ; Nishizawa, 19827¢ &), W3 h D
BEO 7 7y VEEO/NS BB TIZ Y 5 v 7 28 0WE O BN EE 1L

(Vi/ Vo) ?=[1-pee ] (1)
b, ZIZTVIIHMEEGRE, INFX7 7y 7 ORERZRL, EERIREE, faf1kEFn7

*T305 FHIR O ILTERL-1-3

— 923 —



B KB EAT AR SERT T e R 881495 199163 A

Z-axis
(loading axis)

1 7oy 27EEETIN, 75y 7 DERIEE (28) 5
BERENICS v I 2O mEL T8 FEEF EE b D,

Fig.1 Orientation of cracks. We consider the cracks of

which normals are randomly oriented in the plane
perpendicular to the z-axis. This orientation
shows a transversely isotropic around the unique

axis z.

nNoBErd, wiemd., BFEOEFT NI w7 AWE (Vv r7r2aihuiEh) 277, =
TE o 5y 7 e IREEIC K U CIERE S n e R EED 2 £ TH 5, RELBIRO
S s RDESETEWEREZ 2L, IHREY Ty 7 OEEIOED D ICTFERESH
(transversely isotropic) TAHMBR EZELLHHEEFED, 77 v 7 OERPK LIRS
T3 ke BEAENII S VS AERELTHRE, 77y 220 DRTEDYE
OBMEERE LT ERAMEERAPHE T2 2 e TE, OB AR FEMET LR
HZA L3, - 2 TldHudson(1981) OEFE®EE A, v bV 7 AMBEICEIMELA=nE %
REST 2 &, ZBNCEERENO PEEEL, 77y 7 5E, SIAIDZIREZ NLZE NI DN
T, (Delzxts 3R Ep:3,
pa=71/21 (HZEERRE) pu=8/21 (REFIIREE) (2)

Y3, 7oy DFHT ARy MHLELEREZENEN, a, ¢ L, Un/e=¢/adV
VROELE ¢/a LTIy b T 5 LR, SMZNZHORECD TR 2 ICERT
TRURPEBE RS, 22T MYy 7 A0 PEHEEZ6. dkm/sz iz, IUF TR COfGR%Z
o> TEBRERE LIRS 2, 58, I THOVS NS #MEEEEOMEIZFEE - ffl(1990) D ®
DEdRLS. TREEFVOBSTH-> T, FEIE - f1(1990) TlkSoga et al.(1978) DE T
Mz dh ESnuTnie, Lhl, I1OEFALDEIBNEEDZ T v 7 OREBIEHNEFZ D
ns,

3. EEREROMBEMN

Masuda ef al. (1990) DEERIZ X 2 & 3kkfo ka2 Y] 5 BATOmNG T, AKEARRO
B EELS(E B L CAECE LIRS ED 505, wolE) DIEFEHOAEZREL,
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1.0 T I T l
Bw N\ T saturated
Vo _A;
0.9 .
B:AVp
[aY]
o
3 A V]
2 Bbs - HIEEEED 2 &, (V,/ Vo) *Dajpiz
0.8 - dry . Y BEA, Bk 5y 7 DFEEAZT 220 |
HTh 2.1 0 Tl 2 BN ICEET 58
BRI D0 T, B2, BRI KRR S LT
3.
Bd Fig.2 Change of the square of normalized velocity
o7F~- """~ —7—77 - with respect to the ratio ¢/a. The normal-
ized velocity is the ratio of the velocity of the
cracked material to the matrix velocity. ¢ is
Ad —————————————————— the crack porosity and « is the average
aspect ratio of the crack. The dry and the
0.6 1 1 1 ' saturated cases are shown by solid the lines
0.1 0.2 0.3 0.4 0.5 for the velocity propagating in the plane
CP/CI perpendicular to the unique axis in Fig. 1.

AE VELOCITY

3 EI7eLONE, EhEFEEIC 7 EVATEL, BCREVIENTI—AF 4 v rTiviarnE
BAME DD, KEAHD D 2RETOMEREEZLOKRE I BNFEERTHE, Blokss
BEZR2LVATIERESBTIZ/NZ W,

Fig. 3 Location of the pixels A and B. The distribution of acoustic emission hypocenters indicates that
the region in and around the pixel A is highly fractured, whereas the region in and around the
pixel B is less fractured. The velocity structure shows larger velocity change in the pixel A than
in the pixel B, in this stage of water injection.
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E4 1-(V/ Vo)L IEHEEEE O T AEOKEAROR(L, BZEEREL S AKEABRDOEIMIREITRLTH S,

Fig. 4 Change of 1-(V;/ Vs)* with respect to the dilatancy during water injection. The solid and open
circles indicate the values of A and B, respectively. The arrows indicate the changes during
water injection.

REABL RN HEEGREZEALD BN, KOS HE B ERINCREL 72 2 £ 2R

BLTWw5, DT AEBNYL L, #EEEREZ(LIGEN THNL, KOIBLTREL
7l EBRLTWS, M3 IR EZ(LERLIZZNZENDE 7 RIVOAIED, KEE
ALTWwEEEZDHARMFICBIT 2 AEBIRSAB LI UHEREREDOSMFE & HICA, BT
RENTWE, KEFEAT Z2ENCER S L BEEEE» SR Sl (V. Vo) *OfEIXR 2
IZA4, BaTRENT WA, WEZ 5y ZNERICADEE L, ZOM2 Sy 7 BEICEMI K
wE Fkcfaflshic LT 5L, (Vi/ Vo) PREEITRLIZE D ICAw, BulZE(LT 2, ©7 &
WA, BTEHEIS W BEEEEORAKEI»SBZESNE (VY V)IIAEE L IR U T 11
Von TRENTWV S, Bl N EERHEEZETE, > PRI NG HEREZEDOELD b
NEL, ZREDWT, DEESTE2CEMNL Twikwy, 2)7 7y 7EENENL 2, &
W FERNEZ SNEH, B wVA, BREEOIEHERE O T A3 EEN R AEE =
TETIRIELEAEHEIMLTOWARWDT, 75y 7BEOEIMZEZIC W, LisisT, XK
DEAE L EARBVEEICANL T neEZ 5N 5,

DXz, B2 VA, BEIOIEMIERBO T & & B EREHEE O O ELEL- (Vi/16)?
Y OREE R 4 1R, ¢ L BEREEDOMHNEL & ORICIE, EE e THR X 5 EMRBERY
Bonsd, MA4EFEETEDaDEITOWT, HIE, BENIOZNETNOREISHIET 2 E R
DN TW 3, EHEREUTASDOERE, RICRLIEEI B 277y 71282bDLHE
ZBE, INSDI Ty TDOFETARY NEERD DI ENTES, 4L LADZ F

— 26 —



TESERBEIC B 1T 5 MBEIR & WEIRRR BT 5 ZEENT e — 1k (IR)

v 7 DT ANRY MERBIZHEARKE L, XDERCTIRODZ 7 v 7 BB nZ EE2RL TV,
FEAZIRA, BT b #EmEEENT 205, 7AXZ MESEU & & OFEMOBERICIZ
Hod, S UBEREREREY LU 2, HERERENRKELZRT H20 »5IEH
HEAEEO T AOEIMPEE L 508, TIPS BIEREEOMEN LR, ATIIHZERO
7 ARZ b H(1/300) DEIFIREOEARCIF TN D £ S5 &Y 523, BTREZERFEFELT A
~27 N HA(1/700) DEIRIBEDEAR D SZS DD 2362 0T 5, Zd7 7 v 7 DI,
A IFADPHE S 25, B3k Ho g 3N, Sz icRET 227 7 v 7 BHEZEEIRREIC
L5780 THA5,

BRI ST DIEAMT FEHIE O BIFE CHIEL A LI T KO RENAE U & &, KIGHEE
DIEEH O T HICK S OIEEE 2 EN I i, COEBOBEL T ETLT5, I
LD TEDZL OKRPHEBICEE S, L, ZOREOERAITHBENETL T
TH, ZOBREIZKODENL TOABER L D3P, KOBEBELLRWDOTr 7y 7 i
EERRIRRBICT 0 B, 2D & D ICKE BRIEORNICIE, MEREEOSHIEIAHEOES %
FTETEROAMEEANDY, BEIMT I ONTERLZOEBOYMEDENEZT T
RELT 3,

2 £ X M

1) Budiansky, B., and R. J. O’Connel (1976) : Elastic moduli of a cracked solid, Int. J. Solids Struct. 12,
81-97.

2) Garbin, H. D. and L. Knopoff (1973) : Compressional modulus of a material permeated by a random
distribution of circular cracks. Quart. Appl. Math., 30, 453-464.

3) Garbin, H. D. and L. Knopoff (1975) : Elastic moduli of a medium with liquid-filled cracks. Quart.
Appl. Math.,, 33, 301-303.

4) Hudson, J. A. (1981) : Wave speeds and attenuation of elastic waves in material containing cracks.
Geophys. J. Royal astr. Sco., 49, 181-201.

5) Masuda, K., Nishizawa, O., Kusunose, K., Satoh, T., Takahashi, M. and Kranz, R. (1990) : Positive
feedback fracture process induced by non-uniform high-pressure water flow in dilatant granite. J.
G. R, 95, 21,583-21,592.

6 ) Nishizawa, O. (1982) : Seismic velocity anisotropy in a medium containing oriented cracks-
transversely isotropic case. J. Phys. Earth, 30, 331-347.
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EEEERAEEE T 256, MEYSHETRE. 108,

8) Soga, N., Mizutani, H., Spetsler, H. and Martin, III, R. J. (1978) : The effect of dilatancy on velocity
anisotropy in Westerly granite. J. G. R, 83, 4451-4458.
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1. 3L &I

HIEBHEOBEIROSME ) Y A7 27— 2L Tw 2 EEDOMICZ A S DBERSRD
P, BELBE OB LR EZIIC OWTOHEEN LV EE S EEZ 5%, Wu and Aki
(1985) 1%, EATHIEOSERE A, I —FED A7 bv L HERE O BEBKEE L TN,
B OEELIRE DRI H B HEFUEN H > T, TORESLULED X7 — )V THhiz & ITIFEEL
BORFMWT7 5 7 I NEERZTRT, Wb®ANYR)I Ty NRT7I7INVEEZLTED,
2oz, HFETOBFUED B EE~ > M VICHANB W E WS FEERLZ, ZOMBRIE, #
BOFTIMEERZ > ML XD /NS VWA T — )& TTRYEREE R > T 5 LIRETE N,
HEIEODAE VY A7 27 — R BR L TOLEEDO AT — L &£ ORICEH» 2BIRSH 5 H
ERTLDTH L. HEBOBRSMHIIHEHEE 2 2WBCRAEOSHERL THwb EEZ
5N5DT, BELROZRITTOMAEMEET 2 F3n 0 ks, ENERICBLTIE, 7a—
AT 4w 7Ly yay (AE) PHIE LWL L WEERTH L DT, BELE L HEED X
= OEOBEFREH»ICT 270012, EEEIOREI R - LfbRA 2 E—RETFT
[EfEL, ZOBSEANEICHKET 2 AEERFRDOZEMOA & A a BT 2 85 OB R £
E OFFE AT~ (Kusunose et al.; 1990).

2. R K &

EERICHWI BRI KBRS L AEEET, Zhol3hk - B BER - ARG L
VRSN TWD, RTINS DOHEIOE N TV HRFHICIZIZAL T, WHEDOE
BENEAEEBRT 2HDOBREOTIETH S, AEDOER L 2 5 MUIMEE X FIoHFERIC
FET LS, FRHTERE 2K T 2 AEORREIX3-10mmO#EHIC, £/, KREERME T
2mmiZS L, EERRIEFNEFNSmmElmmTH S, ZhoDEAEEI100mm, EE
S50mmD IR ER L, HHESOMPa N CHIE S LIF THEE L7z, ZOBICRAE T 2 HUINEEE

*T306 KR D IEHEHL-1-3
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H (AE) #3URMAIE X O LR B Wz EREEPCMHzO FEE R F 201 & - T
L, 205 OYIEIEIERZ & Rk (1987) O HETERE b & o7z, AEDIEE CEAK
(100KHz~1MHz) Th2/:0i2, EBRFTHREINESIEEINEN I VYL
bva—F—ic—ElgEsh, T0%, "ArarEa—gicEond, IOMEETIE1
AR MBIV 1B 570, AROBERBICR S L AEGEDNEFRIC LD, IR TSE
ARy NDOEBBBIIEEMT A, £, BEEEDOI0YLLTOEETIE, 4 Sl RO
BIS THIBN O BERFZDSFE 0 2 WIEEER I NLle A XY M, TNTEE2mMmLL N CEE
Ko BENTEI2H, FHESHIERE DS0%IU Lick 2 LM OBENSKE {20, {8
FIERFLOFA E VDL kD7D, IRERENECLOBEZ 2, 22T, BEMED

INADA

~“~— wwQQ| —>

1 50MPa®dHET T, WEEHEDN S—x > M OBIFEICES & TIHRHEME XK UABILE ST
AL AEBEOERSMA, BRIE, 2mmAOEET, &2 OMEHI DWW TZN 211885, 2365fHK
¥ o7,

Fig. 1 Map of AE hypocenters for Inada (top) and Oshima (bottom) granites. The hypocenters are
plotted for the events that occurred at axial stress below 80% of the fracture strength under
confining pressure of 50MPa. In this stress range, 885 and 2365 events were located with an
accuracy of 2mm for Inada and Oshima granites, respectively.
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80% % COEHE T TEUTzA X2 M EMTOXNRICLI:, ZOEESEFTERVSESNIZAE
DEUITRHTE RS T885E, KBEIEMETH2,365ETH->7z (K1), ZHSADOEE % E
BEINCET D, INSOZEBSAICA LT, Hirata et al. (1987) 23Fv>7- & [Al#E, Grassber-
ger(1983) D HEIIZ XV 75 7 F WIRITTHERD 72,

3. #& R

2 OREENI A N> b OBETREIERE 7, MEIIEIFREEES » XD /NS A X hORTD
BreEBORT OBTHBIELZDD (Vv —var A>T 750) T, 7—F—0NID

D=2.4
INADA &

e
& D
(0]
O
—

1 l | | ]

1 2 4 8 16 32
F ({mm)

X2 FEHEUCKBIEEESOAEBESAO2) L —y a7 750 BEMOER, KELRED T —
FRERICOD, AR TRENT L EIREREOM@E T, ZORMSHENT F 27 5 VIRT2.70 7
77 INEEE LT RENGN S, —F, EEREEDT— 513, ZOHET—ADEHTIZR L,
BRTHAHMO > LERCD > TR LI B2, ZHAFANYRY 37y N7 7 9 HER L
TWLEIWEZS, Z22EZIEE, NEBELYRELBHEEBLETO 75 27 8 VIRITMH2 4, FHUT
TDT7 57 FNWIRITTIF2.0L 7% 5,

Fig. 2 Correlation integral vs. log distance for Inada and Oshima granodiorites. The Oshima granite
data fall on a straight line. This shows that the AE hypocenter distribution of Oshima granite
has a single fractal structure with a fractal dimension of 2.7. In contrast, the Inada granite data
fall on two straight lines and show band-limited fractal structure ; the fractal dimension for the
distance range longer than the grain size is 2.4 and that for the shorter range is 2.0.
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x5 ERIC T — I BR’-T 0D, JhIE, FEEHEERCECAEDSH/S, 20
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1) Grasberger, P.(1983) : Generalized dimension of strange attractors. Phys. Letter. 97A, 227-230.

2) Hirata, T., Satoh, T. and Ito, K.(1987) : Fractal structure of spatial distribution of microfracturing
in rock. Geophys. J. R. Astr. Soc., 90, 369-374.
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D REEBTICHE S T B,
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ZEMNC1983FETH D H51988F12H & TIZHELDD { (i vy 203 M), i=1,2,, 1} Zbk
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Fig. 1 Hypocenters of earthquakes used in the evolution of the b-value.
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BNTHE ZEABI CTO0 L EOZETHERENT, L b BEAOHEED & AFEHEL D
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Fig. 2 Three dimensional distribution of the b-value.
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1) Ogata, Y., Imoto, M. and Katsura, K. (1991) : Three-dimensional spatial variation of magnitude
frequency distribution beneath the Kanto District, Japan. Geophys. J. Int., in press.
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BB B L Tix, 1€k, ¥WE %75 7 # 1 (homogeneous fractal) 2{R5E U 12 fENTDIE = 7t
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Fig.1 Dg vs. q. Dq is a generalized dimension.
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6-1-6 An Experimental Study of Failure Zone
Development
in Dilatant Rock under Steady Creep

Machi V.M. S. Rao™

National Geophysical Research Institute

Short duration creep tests were conducted on andesites under triaxial compression
at a constant confining pressure of 40 MPa and maximum axial stress ranging from 500
to 540 MPa with an aim to study the spaciotemporal distributions of microcracks during
the loading and creep regimes of rock. Measurements of V, in the axial (V1) and lateral
(V,) directions were carried out at frequent time intervals, while the axial (e;) and
circumferential (e,) strains, and AE wave forms were recorded continuously using
multichannel systems during the tests. The results have shown some very useful inter-
relationships among the damage sensing parameters. After a small initial raise due to the
closure of existing microcracks, V. began to fall at about 200 MPa differential stress
coinciding with a deviation from linearity of stress vs &, relationship (Fig. 1). By
considering this as a beginning of microcrack damage, the velocity and strain data have
been normalized as shown below.

V= (V2) o/ (V2)o and en= (&2) o/ (&2)0,

in which the subscript ‘O’ denotes values at which V., was maximum. The stress-induced
reduction in V, and increase in & were steady and nearly identical in both the rocks
which began to dilate around 350 MPa differential stress and 60 % ultimate axial strain.
(V»2) was shown proportional to crack density in rocks by Anderson et al.(1974), O’
Connell & Budiansky (1974), Hudson (1981) and Nishizawa (1982). In the present study
it is considered as a measure of microcrack damage based on the assumption that the
microcracks are oriented with their normals distributed randomly in the plane perpendic-
ular to the loading axis. &, is a much more sensitive parameter since it is dependent only
on the size and shape of the microcracks and not their orientation and location. The

parameter, (1-V,?) takes values of ‘0’ for no damage and ‘1’for complete damage, while

*Hyderabad, India
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Fig. 1 Changes in Velocity (V2) and average circumferential strain (e;) during loading and creep
regimes of andesite rocks.
[a : beginning of microcrack damage, b : onset of dilatancy, ¢ : crtical stage of microcrack
damage, and d : beginning of creep-2].
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Fig. 2 The interrelationship between (V,) and (e,) which are sensitive to microcrack damage in
rocks. &; is the crack density derived from the equation, &;=[(1-V»% %X21/71] for dry rocks
(after Nishizawa 1982) and shown as dashed line. The relationship is polynomial for andes-1
and nearly linear for andes-2.
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Loading
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Fig. 3 Orthographic projections of AE hypocenter distributions in the X-Y plane during loading and
creep regimes of andesites. The origin of the coordinate system is at the center of the length of
the test sample which is loaded axially along Z-axis., (4 : Velocity transducers mounted on
opposite sides of the cylindrical surface at the center of the test sample).

&.—1, for no damage.

The results show that the microcrack damage had steadily increased in both the rocks
as noticed from the linear relationship (empirical) between (1-V,?) and (e,-1) upto a
stage where &, began to increase more rapidly in andes-1 at a differential strees of 475
MPa during loading (Fig. 2). Sudden rise in &, was not noticed in andes-2 since it was set
to creep at 465 MPa differential stress. The measured values of ¢, and the calculated
values of crack density, &; (Nishizawa, 1982) also appears to be related linearly with
each other in the initial stages for both the rocks (Fig.2). These results indicate that
the microcrack damage was being caused due to the formation and growth of tensile
microcracks oriented apparently along the direction of maximum compression and
intersecting with the direction of propagation of the elastic wave until the critical state
was reached. The hypocenter distribution plots of AE events registered during this
loading regime support this inference showing weak concentrations of AE sources at C,
across the acoustic path (Fig. 3). The plots further show that the damage was uneven
during loading, and became more or less even under creep until the critical state was

reached.
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The slope of the velocity-strain curve changed to twice its previous value in andes-1
at (1-V,%) =0.36, or when (e;) =0.106. It indicates a possible beginning of pre-failure
localization of microcracks or fault nucleation in a region through which the elastic wave
was not passing. The distribution plots of AE sources confirm this inference showing a
concentration in region C, which is very close to the cylindrical surface at the center of
the test sample (Fig. 3). The time required to cause final failure of rock will be relatively
less from this stage onwards. Accordingly andes-1 had failed in shear after 2 hrs, 20 min
from the beginning of creep, with the fault plane beginning from C, and growing across
the sample and reducing V, by nearly 309 as final failure was approached. Whereas, the
damage in andes-2 was tending to become critical only after 6 hours of creep owing to
the fact that it was set to creep before the damage was sufficiently high (Figs. 1 & 2).
On further loading to a maximum axial stress of 540 MPa, the AE activity in andes-2 got
accelerated due to fault nucleation in region C, close to the cylindrical surface (Fig. 3).
The sample failed in shear across the Z-Y plane within 20 min. only from the beginning
of 2nd creep stage, and velocity was not measured during that time. The results of this
study, which was conducted at the Geological Survey of Japan in close association with
Dr. O. Nishizawa, Dr. K. Kusunose and Mr. T. Satoh, have confirmed, that, with the help
of multichannel data of strain, velocity and AE, it is possible to monitor and evaluate the
microcrack damage, and also obtain correctly the time and location of pre-failure

localization of microcracks in rocks stressed to failure under steady creep.
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ALK BEFER  MERYIBEFEE

BIETIE» DSV ZROMBEWRE S, V5 MRS E2ESEOT EEb 2855, (BEE
HEDHERICPE > TEDORERL, EEBOUBRORBIEIIIHAT S 2 LnTHIENE, X
= Bl S LA MUNEED S B EEEIKGERIX, TOY S =F 22— N oHEINSER
TORBERGERE L DRV, HIBHOERSEERBEDOO S ORI bHEWEHICIEP
WL SHEIZZFNFNMIZICES LN TE, ZOEBRBWEOMS HEA TR N5,

WHREZICINE, MEBESHEOEBKROBENA I TEBED A7 M2 & > T
ENnD, THEEPECIZE, GEREESRVIZE, HIBREORANTHKE », HEDT
¥ EREE O [ CHEBRASS A 7 ABIOBE I ZF ORI A IZAEEIC X &2 0nh, EEEI
BOBE 3B BEREERENAPE LV, F1# (Sato, 1989) T, ZisDHEEZHF
WENCEH L 2%, WHARREERINCBY 2 GBS 7 — 2 O 21T o7z, fEITIC
w72 103E DO B DB S 1330~150km T, EHRIZEE L & "M AEEIC» 1 TKIL7 v >~
NOEBANZAHFAT L. THu DR T — TRk EA 7Y —TMRO/NY RRAT 4 v —iZ
AL, EFEIETCRMSIRE2EH L Cajfids (K113 8 HziED)) 21Fl+ 5, S¥EE
HEHDORM SHRIED B AME & RM SREDSZ D515 2 £ TORRtH[s] Lhls] (M1, 2
TOL@®) %2 SHEOBEFER»SEEL, BHEESERkm] L TFay 35 (M2138Hz
#), BIREEOEA L HCHEANREOEFESEN, FMAELHEALTHE I Ex3bn3s
?yﬁA@$%§%ﬁ%i%?é@mﬁvxﬂwﬁaﬁ%@ﬁ(Lﬁw@bgwMS%a,
MHREEERE % a[km] ) ZBHL, »DREES [Hz] IRET 2HEQ '=0.014- /2D A
NdL, brhEZFNFLRO LI CERDbDEND,

logte=—0.728+0.857+log (ev?/a) +1.714+logR
logte=0.047+0.682<log(ev?*/a) +1.364+logR
ZoRIC2, 4, 8, 16, 2HZETOEET—5 2RAL THESNZMI 2107 D e’/ aldld
LAEREIUEZED, &¥/a=10"2%0% [km™'] 2157,

% 2 ¥t (Scherbaum and Sato, 1991) T, BEQ'OEZ7 7V AVICHI 25 Z LI
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7elz®, Hev?/alIETHRICB U BEL DET/NESKED, &*/a=10"7%2 [km™'] %2E7-,
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1990b ; Rk, 1991), BELEEEICET 28— 70 (Sato, 1990a) KU 7 5 27 ¥ Ny
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logA(R) =8—alogR (3)
TERDbOINF, ER3BkmLIEOHIEL, 70512 D> THEK36, 008[EDIRIE 7 — & % &b 2 HUE
@k%ém%@b,m&%%&f@ﬁ@a%ﬁﬁﬁéa,&ﬁ?%ﬁ%ﬁ@a@?ﬁthfaz
1.96L 2 B fER 2Bz,

TR LT, BEBREBCaDFEEZRDZ L, 1D LI CELWHEELZRL, ald
1.6~2.3MEETHMTS. Zhid, ERMICEE - BEETCHSVAL 74 VEVHEBAZ
TORE - QEEOEAAETLICEZ2bDEVZE, Thbb, BREBHSOHESEICE
D, MBRENA S THNRUIT 2/ A7 =7 2EHET 2HEEESRZD, MERTHEI N SIR
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Fig. 1 Distribution of coefficient @« in formula (3) in the text.
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Fig. 2(b) Regression curves obtained by the method of least squares from formula (2) in the text using
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Fig. 2(c) Relation between f/Q and f derived from Fig. 2 (b).
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Fig. 1 Example of an observed seismogram and BPF-RMS traces.
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BRICERA L TWL A3 (1971) ORDO MO BB Z F8a =1. 735 L {—B LT3, &icM (=
7=Fa—F) ODELHRZHDQRTOERD M EOMGEE5/INERETE, fb,

b=0.87TM—+3.31 (4)
2), 3) W&, Pa—sKREE (A EMOBERE LT,
0.87M+3.31=logAp+1.7410g R (5)

NEsSn B,

X 2 ot = BIRERE (Rkm) D2 DICS-PEE (fps) T7Oy FLZBBT L, D
MO T 7 ETApe &t SEMRBMRICZ 2, 22T, ORZHOBES ERABE, £FEL
DB L CTHR/INE T Tlog ApeDlog by~ D [EIRE R

logApc=—a'logtsp+ b’ (6)

ZRHEL, o =1.7TOFEERBLOL, b MOBGEEB/NERETRD Apt MOBHER
0.94M+1.60=1logApc.+1.77logtsp (7

2@, (A EAOCNIEEBREER2M2 22, T 2bbBERbhr> TR T b, 1

rTCOREE,P S =F 2 — REFHET 22 EMNTE, BHEHEODRCHED< 7 =F 2
— FEIEET 20RO (8E, 1990). |
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3) Sato, H. (1984) : Attenuation and envelope formation of three-component seismograms of small
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4) EWN RQA971) AMMBO Y= F 2 — N, #E, 24, 189-200.
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x1 SRHE-ER
Table 1 List of Earthquakes.

NO. DATE LONGITUDE LATITUDE DEPTH MAGNITUDE  CATEGORY
1  Sept. 24, 1980 139°48" 36°58" 80 5.4 I
2 Sept. 25, 1980 140°13° 35°31° 80 . 6.1 I
3  Mar. 7, 1982 140°39° 36°28° 60 5.5 I
4 Jul. 23, 1982 141°57° 36°11° 30 7.0 I
5  Jul. 2, 1983 141°11°30" 36°54°18" 54 5.8 I
6 Dec. 17, 1984 140°03°30" 35°35°48" 78 4.9 I
7  Jun. 8, 1985 140°14°54" 35°32°18" 64 4.8 1
8 Oct. 4, 1985 140°09°30" 35°52°06" 78 6.1 I
9 Jun. 24, 1986 140°43°12°7 34°49°24" 73 6.5 I
10 Nov. 29, 1986 141°10°48" 36°23°30° 42 5.8 I
11 Feb. 6, 1987 141°56 06" 36°56° 12" 30 6.4 I
12 Feb. 6, 1987 141°53°48" 36°57 42" 35 6.7 I
13 Apr. 7, 1987 141°52°00° 37°18°00° 44 6.6 I
14  Apr. 10, 1987 139°52°30" 36°07 127 60. 4.9 1
15  Apr. 17, 1987 140°08°30" 35°44°30" 76. 5.1 I
16  Apr. 23, 1987 141°37°36° 37°05°18" 46. 6.5 I
17 Jun. 30, 1987 140°05°18" 36°11°00° 56. 4.9 I
18 Jul. 12, 1987 140°03°36" 36°08°42° 56. 4.6 I
19 Mar. 18, 1988 139°38°48" 35°39°42° 96. 6.0 I
20  Sept. 16, 1988 140°04°00" 36°12°00" 61. 4.5 I
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Pacific Geophys. Meeting., Kanazawa, Japan, Am. Geophys. Union, S41B-11.

2) Fukushima Y., Kinoshita, S. and Sato, H. (1991) : Measurement of @' for S-waves in mudstone at
Chikura, Japan : Comparison of incident and reflected phase in borehole seismograms. Bull. Seism.
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6-2-8 'Theoretical Study of Forward Scattering
and Fluctuation Analysis
Ru-Shan Wu*

Institute of Geophysics, Academy of Sciences of China

Understanding the heterogeneities in the lithosphere is important for both the
earthquake prediction and earthquake engineering. Seismic wave scattering is one of the
most important methods to study the lithospheric heterogeneities. In the past, a large
amount of research work has been done on backscattering or large-angle scattering.
However, the work on forward scattering is rather limited. Forward scattering can
reveal different properties of heterogeneities. Therefore, to persuade the study of for-
ward scattering is a recent trend in seismology. Fluctuation coherence analysis using
seismic arrays (Flatte and Wu, 1988) and wave envelope broadening (Sato, 1989) are
two important aspects of forward scattering. During my visit, I mainly worked on the
theoretical study of fluctuation coherence analysis. Although there is plenty of literature
in the theory of transverse coherence, there is no derivation available on the theory of

angular coherence of fluctuations. I adopted the spectral approach and derived the

Table 1 Summary of transmission fluctuation analysis at NORSAR.

Data Modeling
A o, a Extent Random
(Hz) [ (sec) o, Pus (km) Model (km) D media &
AK1 (1973) 0.5 0.6 0.19 0.32 0.35 10 single 0-60 5 Gaussian 4%
layer
ﬁ CaroN (1974) 0.8 0.52 0.10 0.37 0.23 12 single 0-136 6 Gaussian 1.9%
5 layer
BERTEUSSEN 0.7 0.08-0.11  0.02-0.025 0.26-0.42 15 single 0-50 Gaussian 0.3-3.0%
et al. (1975) layer 0-150
BERTEUSSEN 0.7 0.26—1.75 0.05-0.4 0.15-0.36 15-60 single 0-100 Gaussian 0.5~2.0%
Z  eral (1975 layer 0-350
wl
Doﬂ . Power-law
Z FLATTE and 2.0 1.70 0.135 0.41 0.26  Power-law Two- L,:0-200 7=0 & =09-22%
Wu (1988) medium layers  L,:15-250 pr=—-4 d,=05-13%
< BERTEUSSEN 0.05-0.08 20 single 250 Gaussian 0.2~03%
a
Q et al. (1977) layer

04: rms phase fluctuations

g,: rms arrival-time fluctuations

g, rms log amplitude fluctuations

a: correlation length

D: wave parameter, defined by D = 4R/(ka?), where R is the layer thickness
d: P wave speed perturbation, defined by @ = ((Jot/org)?)"/2.

*Beijing, China
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formulas for angular coherences together with the formulas for transverse coherence.
From the derived formulas, not only we are able to understand the data analysis much
better, also we can derive some new methods of data analysis to improve the resolution
of angular coherence analysis for deep heterogeneities. In the future we will work along
this line and do some data analysis hoping to increase our knowledge about the lithos-
phere heterogeneities. The theoretical work completed here will serve as the basis for the
new study. Besides the theoretical derivation, I also completed a review paper on
fluctuation coherence analysis (Wu and Flatte 1990), which will be included in the
special issue “Scattering and attenuation of seismic waves” of Pure and Applied Geo-
physics edited by Wu and Aki. Table 1 shows the summary of the analysis of the data
at NORSAR.

During my stay, I gave eight scientific talks in NRCDP and GS]J in Tsukuba, ERI in
Tokyo, Tohoku University in Sendai, Kyoto University in Kyoto, and Oyo Company in
Urawa and had beneficial scientific exchanges with the scientists in these institutions. Dr.
H. Sato and I also discussed the organization work on the special symposium “Scattering
and Attenuation of Seismic Waves” of the 1989 Istanbul meeting of International
Association of Seismology and Physics of the Earth’s Interior. Both Dr. H. Sato and I are
the co-convenors of the symposium. We believe that the symposium became a milestone

and arouse much world-wide interest in this research field.

References

1) Flatte, S. M. and Wu, R. S. (1988) : Small-scale structure in the lithosphere and asthenosphere
deduced from arrival time and amplitude fluctuations at NORSAR. J. Geophys. Res., 93, 6601-6604.

2) Sato, H. (1989) : Broadening of seismogram envelopes in the randomly inhomogeneous lithosphere
based on the parabolic approximation : southe astern Honshu, Japan. J. Geophys. Res., 94, 17, 735-
17,747.

3) Wu, R. S. and Flatte, S. M. (1990) : Transmission fluctuation across an array and the heter-
ogeneities in the lithosphere. Pure Appli. Geophys., 132, 175-196.
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6-2-9 Determining the relative contributions of intrinsic
and scattering attenuation to total attenuation
of seismic waves in the Kanto-Tokai Region

Michael C. Fehler*

Los Alamos National Laboratory

Our goal was to apply a recently developed theory (Wu, 1985) to determine the
relative contributions of intrinsic and scattering attenuatibn to total seismic attenuation
to data collected by NRCDP’s Kanto-Tokai seismic network. This work (Fehler et al.,
1991) was conducted in close collaboration with Drs. Sato and Obara-san and Hoshiba-
san from the Meteorological Institute. This study was carried out in two steps. First we
had to determine relative site amplification of seismic waves in order to compare data

collected by various seismic stations. Second, we had to calculate the total seismic
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Fig. 1 Vertical component site amplifications for 6Hz band obtained using coda wave method vs.
magnitude residuals determined by Noguchi (1990).

*EES-4, MS D443, Los Alamos, New Mexico, 87545, U.S. A.
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energy contained in the S wave and S wave coda as a function of distance from the
earthquake source. Access to the data was provided using programs written by Noguchi-
san and computer assistance from Obara-san.

The first step, site amplification determination was accomplished using the coda
method (Phillips and Aki, 1986). Site amplifications relative to station TRU were
determined for four frequency bands : 1-2Hz, 2-4Hz, 4-8Hz, 8-16Hz and 16-32Hz. We
found that the coda method yielded reliable results for the three lower frequency bands
and less reliable results for higher bands. We found some correlation of site amplifica-
tions for nearby stations. The amplifications also showed some correlation to surface
geology. We also found that the amplifications determined for the vertical component of
motion were very near to those found for the horizontal component of motion, indicating
that coda waves are traveling in all directions and with all polarizations. We found close
agreement between the site amplifications determined for the 6 Hz band and the
magnitude residuals determined by Noguchi (1990) for the NRCDP data base (see Fig.
1.

The power determination was accomplished by integrating the total power after the

Range of Media Parameters for Vertical Component Data

0.05

0.04 |—

0.03 —

g, km!

0.02 |~

0 0.01 0.02 0.03 0.04 0.05

Fig. 2 Ranges of possible values of g and g+ w/(QV) for 6Hz band (vertical component).
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Table.1 Resultant estimation of parameters.

Center Freq. g g+tw/VQ, B g Q! Qs Q Q!

(Hz) (km™) (km™) (km)
Vertical Component Data
1.5 .004 .009 45 250 .0021  .0017  .0038  .0041
3.0 .0065 .019 .34 150 .0026  .0014 .0040  .0033
6.0 .01 .030 .33 100 .0021  .0011  .0033  .0022
Horizontal Component Data

1.5 .0035 011 .32 285 L0031 .0015 .0046  .0044
3.0 .01 .025 .40 100 .0032  .0021  .0053  .0033
6.0 .014 .032 .44 70 .0018  .0015 .0033  .0022

S arrival and correcting for site amplification and source effects. We found that total
power measured from the S wave onset was rather scattered but that by beginning the
measurement some time after the S onset, the scatter became very small. The large
scatter when we began with the S onset is caused by source radiation pattern effects,
which are reduced when later portions of the seismogram are used.

Interpretation of the results and improvement of analysis procedure was close
collaboration with Dr. Sato and Hoshiba-san, who both have considerable experience in
understanding scattering of seismic waves. We were able to compare the results of the
measurements with an improved theory (Hoshiba, 1990) to determine seismic albedo, of
the ratio of scattering to total attenuation. We found that by comparing the relative
amount of seismic energy vs. distance for various time intervals after the S wave onset,
as well as the shape of the energy vs. distance curves, we could get very reliable
measurements of scattering and intrinsic attenuation. We found that seismic albedo
ranges from 0.45 at 1.5Hz, 0.34 at 3Hz, and 0.33 at 6Hz (see Fig. 2 and Table 1). The
intrinsic attenuation is about two times as large as the scattering loss. We found that
estimates of coda wave attenuation @.”', made using the coda wave method, are similar
to the intrinsic attenuation. We found that the site amplifications determined for vertical
and horizontal NS components of motion were similar provided that the geophone
characteristics were the same for both components of motion. Albedo is also independent
of the direction of particle motion analyzed, indicating that scattering is particle motion
independent.

We were surprised by the close similarity between our data and the theory because
the theory is one for isotropic scattering and considers the earth to be uniform. We had
experienced that some disagreement between data and theory may indicate the need for

a more sophisticated model.
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x hypocentral regions beneath the Kanto district, Japan. PAC and PHS denote the Pacific and

e Philippine Sea plates, respectively. Sixregions show

the boundary zone between PHS and the Eurasian plate,

: B-the slab-slab collision zone between PAC and PHS (a typical focal mechanism is reverse
fault type),

* near the intersection zone of the lower boundary of PHS and the upper boundary of PAC
(a typical focal mechanism is normal fault type),

. active fault zone in the Kanto region,

. the intraplate zone of PAC, and

: the subduction zone of PAC. The fmax of the earthquake in regions B and E is less than 10
Hz and that in other regions is greater than 20Hz.
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Fig. 1 Comparison between the distribution of aftershocks after the 1980 Izu-Hanto-Toho-Oki earth-
quake and the distribution of its moment release and stress drop. ‘M/’, ‘A, and ‘A’ appeared in
the left figure stand for the location of main shock and its aftershocks used as empirical Green’
s functions. (After Fukuyama, 1991a).
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Fig. 2 Comparison between the seabed topography in the epicentral area of the 1980 Izu-Hanto-Toho-

Oki earthquake and its rupture propagation characteristics. (After Fukuyama, 1991a).
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Fig. 1 Displacement spectra of a microearthquake with a moment of about 10'°dyne-cm. This is
reduced to a focal distance of 1 km. The spectra clearly vary depending on the portion analyzed.
The spectrum (1) is considered to be the best source spectrum. The slope of high frequency
fall-off is about 3.
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6-3-5 Stresses Within Laboratory Samples Estimated
from Fault Plane Solutions
of Acoustic Emissions

Leigh S. House*

Los Alamos National Laboratory

Summary. Techniques recently devised to obtain tectonic stresses from earthquake data
were used to study the state of stress in a laboratory size rock sample. Well determined
fault plane solutions obtained from acoustic emissions (AE) produced during a triaxial
loading experiment were inverted to obtain stresses in the sample. This study sought to
directly compare the stresses obtained from the AE data with those produced by loading
of the sample ; previous studies using the techniques have not been able to make such a
direct comparison. Stresses obtained from the AE data varied spatially within the sample
but generally agree well with the loading conditions, with the maximum principal stress
axis aligned parallel to the axial loading direction. The spatial variation of stresses
within the sample may result from grain size effects, as the grain size of the sample, a

few mm, is a sizeable fraction of the dimensions of the sample, 50 X 100 mm.

Background. Tremendous progress has been made recently in exploiting earthquake
data for information about stresses in the earth. Although these data do not contain
information about the magnitudes of stresses, they do provide information about the
orientations of the principal stress axes. Several techniques have recently been devised
for analyzing earthquake fault planes for in-situ tectonic stresses (Angelier, et al. 1982
; Gephart and Forsyth, 1984 ; Michael, 1987 ; Reches, 1987). These techniques have all
been applied to earthquakes, and the stresses obtained from the analyses have agreed
well with other information about stresses in the areas studied. Nevertheless, the tech-
niques have not been applied to data for which the stress state is known.

Rock mechanical laboratory studies provide such a known stress state, and with

waveforms recorded from the acoustic emissions, the fault plane solutions of the acoustic

*MS D443, Los Alamos, New Mexico, 87545, U. S. A.
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emissions can be deternined. Data from an experiment done at the Geological Survey of
Japan in 1987 were selected for study, with the cooperation of Drs. O. Nishizawa and K.
Kusunose. In this experiment, a 50 mm diameter, 100 mm long cylindrical sample of
Inada Granite was subjected to triaxial loading (see Kranz, et al, 1991 for more details
of the experiment). AE waveforms were recorded from 20 sensors (PZT’s). A total of
1040 AE were reliably located from the experiment, and of these, 365 had well con-
strained shear-type fault plane solutions (Kranz, et al, 1991). After careful examination,

176 of the 365 AE were selected for study.

Exp 3, A’ Qual Locs (1040)

Fig.1 A. Locations of 1040 well located AE. B. Locations of 176 AE whose fault plane solutions
were studied. AE located within 5 mm of a free surface (including of the borehole in the
sample) were excluded from study.
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Exp3 P Axes, All Shear Events
N

Fig.2 Lower hemisphere projection of P axes (“pres-
sure” axes) of all 176 fault plane solutions studied.
Note the large scatter, with P axes in essentially
all orientations, but with a concentration of P axes
near the vertical down, which was the loading axis
during the experiment.

Fig. 3 Lower hemisphere projections of the maximum (1), intermediate (2) and mimimum (3)
principal stress directions from the inversion of the fault plane solution data, and outlines of
the 95 percent confidence intervals about each axis. The loading conditions were that the
intermediate and minimum principal stress magnitudes were the same. Thus the 95 percent
confidence intervals should define a band around the outer edge of each plot, as is seen in
the plot at the right of the figure.

Method. Fault plane solution data were studied by the method of Michael (1987). This
method assumes that the state of stress in the region to be studied is uniform. In order
to study non-uniform stresses, the data must be divided into subsets, within which the
stresses are assumed to be uniform. Because of the ambiguity as to which of the fault
plane solution nodal planes was the slip plane, the first step in the analysis process was

to use the grid search scheme described by Michael (1987). This scheme allows for

— 105 —



Technical Note of the National Research Institute for Earth Science and Disaster Prevention, No. 149; March 1991

automated choice of slip planes by comparison between the two nodal planes of each
fault plane solution with the stress state that best fits all fault plane solutions. Next,
after resolving the ambiguity of the slip planes from the fault plane solutitn data, the
data are used in the formal inversion scheme (Michael, 1987), which also produce
estimates of the errors in the stresses. Errors are derived from a “bootstrap” procedure
(Michael, 1987), and therefore have irregular appearance. Another result of the inversion
is the misfit between the slip direction of indivddual fault plane solutitons and the
direction of the maximum shear on the fault plane (calculated from the stress state
calculated by the inversion). A small average misfit indicates that the fault plane

solution data are consistent with a uniform stress field.

Resuits. Initial results of this study were reported by House, et al. (1989). Figure 1
shows (top) the 1040 well located AE, and (bottom) the 176 AE whose fault plane
solutions we studied. Because we expected to find spatial variations in the stress state
in the sample, and because the raw fault plane solution data were scattered (see Figure
2), we divided the sample into 5 regions. Four of the regions were 90 degree quadrants
in the upper half of the sample, the fifth region was lower half of the sample.

Results of the inversions for the four quadrants in the top portion of the sample are
shown in Figure 3. Note that in all four quadrants, the 95 percent confidence interval in
the maximum principal stress direction (the outline about the numeral 1 in the plots of
Figure 3) includes or nearly includes, the vertical down (the+ at the center of each plot),
which was the axial loading direction during the experiment.

Thus, our stress inversions provide the correct orientations of the maximum princi-
pal stress, although they show a lot of scatter. Average misfits for the five quadrants
range from 40 to 65 degress, which are fairly large. Since the dimensions of thje sample
(50 mm < 100 mm) are only perhaps 10 to 100 times larger than the size of the individual
grains in the sample (a few mm) slip on grains and grain boundaries may be common in
the AE we studied. Thus, to more reliably compare the fault plane solution inversion
method with the loading applied in a rock mechanical experiment may require studying

AE from an experiment on a much finer grained sample.
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