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SCATTERING OF P WAVES IN A TWO-DIMENSIONAL
MODEL OF A MEDIUM WITH RANDOM
VELOCITY FLUCTUATIONS

By Koji MATSUNAMI

Synopsis

The effect of P-wave scattering on the wave fields is experimentally studied witha
perforated thin plate model by means of an ultrasonic technique. As the ratio of the
predominant wavelength to the average size of velocity inhomogeneity approaches unity, the
average amplitude level of P waves is remarkably atienuated by P-wave scattering, while
the attenuation of the root mean square amplitude fluctuations is not so. The predominant
period of P-wave amplitude fluctuations along a wave front is 3 to 4 times as large as the
predominant wavelength. The observed these properties show certain departure from the
prediction of the Chernov theory.
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Fig. 1. Block diagram of apparatus.
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Photo. 1. Records obtained in the model HA. 1: EMITTER, 2: RECEIVER.
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o HEE Fig.2 IC0RT . BN S TRENS first 35X second phase D7EML emitter & recei-
ver FDOFERE L icHFILTHYD, BRI TFEICRE N third phase DEHZEF LD edge i S FalE d
ZHHIL, 757 DELERES ., Photo. 1 10 M trace @5 BAMA 1 285 45° OBFAD trace £F
WT, Thd 30 phase ) wave type 2WikT %, Fig.3 iz, 53 DD phase o vertical AT
o particle motion %759, first phase ¢ particle motion |3 linear T# ¥, second phase {3 first
phase IC BT % & 573 particle motion 7R LT\ 5%, third phase 123 D75 Ik LT retrograde
73 particle motion 2 RL T3, PIEdz & kb, first phase {3 P J%, second phase {3 S 3, third
phase |3Rayleigh b EX 3 ENMTES, ThENOPEDHEE %R Teble.1 (model HA) 1T5RT,

Table 1. Measured elastic wave velocities.
Diameter | Extent of Plate dilatation | Shear velocity, | Rayleigh Pseudo-Poisson’s
Model | of holes, |perforation, | velocity, Vp in | 8 in velocity, V, in mi“/oz: 6/
. . i ; . 1/2—(8/Vp
D inmm |Qc in % mm/microsec. | mm/microsec. | mm/microsec. =G/ Vo)
HA 0 0 5.45 3.15 2.88 0. 251
HB 1.3 1.8 5.33 311 2.80 0.243
HC 1.7 3.0 5.21 3.03 2.77 0.245
HD 2.1 4.6 5.12 3.00 2.72 0. 240
HE 2.4 6.0 5.08 2.97 2.70 0.241
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Fig. 4. Position of the emitter and receiver
on the plate model used for measur-
ing travel times and amplitudes of
P and S waves. The element of the
medium is shown at the bottom

2%, ROEH D 2EZX 3L, ROS5DZHEES
WOEEEOH, (extent of perforation, Q,%) 13254k
T5, ROEE D DRIEZKZE=FNVTEONIER
g% Fig.5 iCRT, Fig.6 12 P BB XU S g
B Q. OBFEAERYT. ZONMD, PEBIUSHE
HELE Q. 0I3IF linear LEGZEMED SN S, Table
1 kkgEFLD P B0 S B@EEE Pseudo-
Poisson’s ratio %7R9, HEREREILI%TH S,
WRiC P ¥BLU S BOBELERE~D, sHHlllz,
diagonal sounding %® T bNhE, P BBLU
S ¥ phase OF—FHLE_EHOBEMDORE
A ZHIET S, KED geometrical 7SIKHIT 2 R
HTHBLEL, WEORERYE o path DRI %
L L32LHIE A BROLIKED
AocL-¥exp(—al)
emitter & receiver DEHIRENE {, A 86KHz
110KHz, 150KHz 3 0* 250KHz O&ESD P I
BLU S WORBHEOKT% Fig. 7T, RN RHEIC

— 4

psec.

g

TRAVEL TIME,

WAVE VELOCITY, mm/usec.

Extent of
perforation. %

! 1 | L
30

L cm

Fig. 5. Travel time curves of P and S waves

observed on the perforated models.
1: model HB, 2: model HC,
3: model HD, 4: model HE.
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Fig. 7. Dependance of natural logarithmic P-and S-wave amplitudes corrected for geometrical
divergence on the distance L. a: model HA, b: model HC, c: model HE.
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Fig. 8. Dependance of the attenuation coeffi-

cients of P and S waves on the natural
frequency f,, for the model HA (O),
HC (A) and HE ((7)). The error bars
denote the 959% confidence limits.
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Table 2. Predominant frequencies of P waves observed on the profile II (L=60 cm)
and I (Z=74cm) for the natural frequency f,=150 khz, 200 khz and 250 khz.

fo=150 khz f3=200 khz f,=250 khz
Model f(kha), - f(kha), ' f(chz),
(L=60cm) (IL=T74cm) (L=60cm) (L=T4cm) (L=60cm) (L=T74cm)
HA 150 150 200 200 238 238
HC 150 150 166 153 200 170
HE 150 120 151 111 150 115
RA 150 139 155 139 169 152

DHiFShize7 v (model HC & model HE) & RDH1F bh Tz 5 L (model HA) O EE I D
ETOEAVBLURBRMICHREEME CBEE LTEZONEL LR, YVairIvokIBEH
SASBICET ABREROBIOERIC INEEREPERNTF R L 3MASS 4, RbohleF v
T, S5V EDVDEDDRICEBHEADAEL, L IRENC OEBRERTHEFICSSDhTE
F2OTRIEOHPENS T ETH B, B. M. Mepryaosa IZ LM, R 1 LSRN FOEZOK (/D) 48
10~204 SV LHA L ZRESER LI LY, BELHEISABETORTEIBEALHIICLE D
TH%, model HC (D=1.7mm) o4, EHEDH [ » 86KHz OMOEEER 2 LXOEED O
I (/D) RB¥35THY, foH200KHz T124519, f, 25 250 KHz CRRIISTH B, CODL D IKEHRED
HERFIC X A HELBREOERD >, RIS ONILEFVTOROREICIE, BEEREK {0 3 200KHz
~250 KHz { S S0 EDDEDDRICE AHEBEMHB LT 2D EELO6N5,

5. random 7/5:EE® fluctuation %}FD 2 RFTWEEFIL

ROBFONIEF VTR, RECHEERIAKOER D Itk ->TikE 5, 24D Q, (extent of perfora-
tion, %) & element ©Q, FHL T LicL D, WBLV element Z{nff T 2 FHOFERELNEEXD
n3, 22T model HC (D=1.7mm, Q,=3%) @ P i V,(5. 21 mm/microsec.) I &
705 % 3ic, random 78EE @ fluctuation AFD 2 RGTIEHE €7 v (random model RA) %452, ROE

Table 3. List of the elements distributed in the random model RA.

D (mm) Qc (%) [ Vp (mm/microsec.) | Number of elements, N
0 0 5. 45% 63
1.0 1.0 5.39 82
1.1 1.3 5,36 84
1.3 1.8 5.33* 87
1.5 2.3 5.28 85
1.7 3.0 5. 21* 82
1.8 3.4 5.18 85
2.0 4.2 5.14 84
2.1 4.6 5. 12% 73
2.3 5.5 5.09 85
2.4 6.0 5. 08* 70
1. 7 (Mean) 3.0 (Mean) 5. 21 (Mean) 880 (ZN)

«: Observed values.
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Fig. 9. Travel time curves of P and S waves
observed on the homogeneous model
HC (O) and the random model RA

(@) for fy=200khz.
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Photo. 2. Examples of the records obtained in the homogeneouse model HE. Ones obtained
on the profile II for f,=86 khz and on the profile I for f;=250 khz are shown in
the left side and the right side, respectively.

BTEHETH S, CORDEEREL~ A ELT, profle DZETORFIR A 2P LEERRAL £
NERTRT . FHERIEL <~V A 20085 KHEARESTENT 3 C Lic k3% profile II T5
%, profle ] ©T3%T&%, Fig.11 ® a RIGRENATS profile II 25 1 ~OBTICHKE S EHR
L ~VvA ORZER (1 0.6 volt) 3, HED 2 RTEHTABCEMEL, model HE (D=2.4mm) DR
¥ oa, (#0.012cm™) ZAVTHEINIRFELBEZOHENTA->TVS, ZD&HiC homogeneous
model Ti3, P BOREN S, DEDVEDDRICELEEVEDONLY, COBEIR P BOBEEEE
HBREFERLBBNEELONS,

iz random model RA DA% #5395, Photo.3 & Photo. 4 iz random model RA T ShizE
§HERT, profle DEETORBIZENENRE>TWB, £ iz Photo.4 DEFAITIZ profile DA
ABELTHNTEXZ0RB—BEOBMEA 545 phase 7213 T& 5, Fig. 11 Od~e Fiz, BEHEHH
DEBATESNIBIEDONTEZRT . B SLICHEIBD fluctuation MRS, ZTORMIIROXHIKIES,
(DE U profile Tid, f, BRI > TITH, profile it - 72IWEHF D type 3IXFF U TH B, profile 11,
I OREDED type TR BH, ThiIP O radiation HEDENICL S, [l profle Edic, RIED
fluctuation MEFEHAIT 13~18cm TH 5, (2 profile & ic fy BEL 5 51E & fluctuation HIK &
25, QFD fy OFATS profile II 15 [ ~OBfTick 3 fluctuation QEEFEIHRBIIRE ST, (4)
profile II 5 [ ~OHITICL 2 EERIBL ~VORBER | KEVIZEEETH 5,
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Photo. 3. Examples of the records obtained on the
profile I in the random model RA for f,=
150 khz. The wave form transmitted by the
emitter is shown at the top.

z ¢ profile DEEDED P HEOWRIE A %, FERIEL ~v A £ 7 deterministic k5 & flu-
ctuation 84 % - 7z random EXSOREEZ B ¢

deterministic 4> A4 &, random E%4; 64 D|EHEHIR 64D+ @, profile II 5 [ ~DBFFIC K
BREORT% Fig.12 KRT, Mo error bar [33RIGEHAIIEE & fluctuation 64 DR{FSHEDFEHFIR
SR 5N B%EEERR TH %, random model RA To#E 3 model HC (D=1.7mm) ToEEL
UK &d B L, profile Il h5 I ~OBITICX > THHIN ZREDB%EFRF T RAITRI N MR
212y, EEEIIBRICE S, RIENETRIZ N7 phase DS E R E, Teble 2 (model RA) T/RT,
deterministic g4 A OIWEIT 2/a H312.5 DBEAICIZBWRIEBXAEINICSH 555 2/a b3 1.9 5o REGSCH
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Photo. 4. Examples of the records obtained on the profile [ in
the random model RA for f,=250 khz.
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Fig. 11. Graphs of P-wave amplitudes observed on the profiles in the homogeneouse model
HE for f,=250khz (a) and in the random model RA for f,=86khz (b), {,=110khz
¢y, f,=150khz (d) and f{,=250 khz (e). Flat lines dencte the amplitude levels
obtained by taking an averag over each profile.

LW, 2/a B31.4~1.51075 3 LKA~ 5, COREIIERTHY, random model RA icH i)
SNV EDVEDDRICK BRERFIG TREPTENL, —F random (K5 64 OZFFHEHR
BANT T EOBATHB%ERXEAICH D, FERSEFRED LN, UL Fig. 11 THEHLHE
X3k, AU profile T2 4/a 3LICEWIEE (o BENIZE) 04 BRELIL>TWVE, TDXHIC 2/a
M 1ICEOIZE, deterministic g5y 4 13EEMME% L, random §4> 64 & L profile TRIA X
B3EWVWS5 &5, random model RA TIREEOREHICLSZ P BOKEMSELTHEZ Etbpb.

profile 11 H51 ~ADBfFICk->T (AT OFBERREMRONBOERE L TROC EBEZ DN,
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Fig. 12. Attenuation of the natural logarithms of the average amplitude levels A (a) and the
root mean square amplitude fluctuations (64%)+ (b) of P waves observed on the
random model RA for the natural frequency range 86-250 khz. The effect of
geometrical divergence is corrected. The ratio 1/a of the prodominant wavelength
2 to the average size a of velocity inhomogeneity is within the range of 1.2—2.5.

(1)deterministic B4 SEEL XN 5 & FHic L random AL B, (2) random RABHEAINTHZDE
¥ random R53E LTHES, COLSMT D random RAHDREIFER deterministic gAML BT
DIEBICE - TVEHDEEZEL LN S,

7. # B
A. B. HuxkonaeB (ZEIH X 1 A B parameter (3R1E, EHF) Dvariance [T LA HE T 2 v F~DHF
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LIRS B, fIH~NEEL I DO = R v F — i random B3 E LTS, Chi, & L TRELR:
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Fig. 13. Dependance of the mean square ratio m7 of the amplitude
fluctuation 64 to the average amplitude level A on the distance
L for the natural frequency range 86-250khz. The values of g
are equal to inclination of the lines obtained by the method of
least squares. The error bars denote the 959 confidence limits.
The upper and lower values of g denote the same ones.
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Fig. 14. Dependance ot the turbidity coefficients g on the predominant frequency
f. The ratio g/f is plotted against f. 1t appears that the turbidity
coefficient is nearly proportional to f2.
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7-#EigD fluctuation [IATHBE P Bic k5 b0 L RITE D, ZDOEE myTHoCTs 23X £ 12, WArEEEED
720z, BIFEE P Bo¥Ez k vFE—ciss random g4y 8U L, deterministic 55 U oH&5,
Fig.13 iz profile II (L=60cm) & I (L=74cm) T® (GA/A)(=sU/0) ZFd, BA L=0) Ttk
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myTHOCTb A3 ¢ EHFLERM K, DL g/K, 3, TZCRETTHE P HOBE < x v+ — L#gF = kv
F—H &5, Fig. 12 5 fy 3 150KHz(2/a=1.4~1.5) & 250KHz (1/a=1.2~1.4) DELEDK,
ZRELBEBLZ 10em BEICK S, Thbb g/K, R B & 107 BEICIES, Zhid, #Ex
ANF—DTL OFMRES (107 BE) SHHKE P BOBRHT ALY — K- TWAZ EERLTY
%, L. Knopoff & J. A. Hudson ic X1UE»®, 20 GHEL S BOREB = A V¥~ K- T BT &8
Eioh3b,

L. A. Chernov {z L hiF®, #REIED fluctuation ¢ spatial transverse autocorrelation ¢ correlation dis-
tance 13, REEOREICEZHERLTOIEETRTH L. CCTOERTII, profile it - ZIRBD
fluctuation DLAEEHIL, 2/a 4% 1.2~2.5 OB, # 13cm~18cm TH 3, i, P Bosi#diEErd
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72 P BOBEOBEHBEBL VWO » T, EEUEBMREUTICE LD
(1) Fig.4 L5 1AOKRIY 1cm OARARORLEEHSCER D ORZLY, ChEZEE e
ment &35, CHERU element ZHRAEICHHI LD E, WEOHEE D ck-THkRE 3,
(2) 4 element ® D #iF L homogeneouse model BT i3, Hik¥ikE 4 & D O 4/D £519~15¢
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HHEICXZHEAMEL TV B EEZ NS, P EoREIED fluctuation ORFFITFHRIE L ~VORE
L ENTEOEETH B,
(4) random model RA ¢ myTHOCcTb R g 13 4/a &5 2.5~1.2 (iifA¥H f 7% 86 KHz~170KHz)
T3, 107cm™! o order THb, 1ZiF f2 cEFILTNS,
(6) random model RA T3 4/a 4% 1.5~1.2 DY, FiHHKE P RORB A v ¥~ LBAZ X VF—D
KEi3EsL% 1020 order ThH 3,
6) WEICiH >/ P HOIED fluctuation AR BLE 13~18cm THb, ChiZHBEED 3
~4ETHB,
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