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Propagation characteristics of Rayleigh waves in double-layer unsaturated soils

ZHANG Min% 2, SHANG Wei', ZHOU Zhong-chao!, GUO Cheng*
(1. School of Architecture and Civil Engineering, Taiyuan University of Technology, Taiyuan, Shanxi 030024, China; 2. Key Laboratory of Highway
Construction & Maintenance Technology in Loess Region, Shanxi Transportation Research Institute, Taiyuan, Shanxi 030006, China)

Abstract: This article investigates the problem of Rayleigh (R) waves propagation in double unsaturated soils. Firstly, wave
equations of three-phase porous medium are extended by introducing the tortuosity of fluid phases into the conservation of
momentum, then decomposed with the aid of Helmholtz theorem and the sum of potential functions of body waves. The dispersion
equations are established with the boundary condition and the continuities of soil layers. The influences of saturation degree,
tortuosity and cover thickness on the velocity and attenuation are discussed. The results show that the R wave velocity decreases
linearly with the saturation, and increases with the intrinsic permeability « in the intermediate range. The influence of tortuosity of
water phase on R wave velocity is significant in high frequency domain. The tortuosity of air phase is negligible. For a ground system
of upper-soft and lower-hard layers, the R wave velocity becomes smaller for thicker surface layer, and approaches the velocity in
overlaying soil, especially for high frequency or surface layer with low stiffness.

Keywords: unsaturated soil; surface layer; Rayleigh wave; propagation characteristics

1 8 = BT AR SR IRV AR B A ZE RS K UERTR

RARMFERZ A TAMARG, FEBAE I3

AN AR SN TR T, B DU S RN, HAEIAR R AR A AE 358

WHBRIOAENm, XhRMorELl WEELE, BRGIESRIE. fLRER R
Rayleigh #HIEAALHE. hTFXHEE) T MRS ES 2  R P> ARk Kk,

BIEENBAERSD, DL R BRAES OF SR & SERRIBILAT R B SRR N 2 8 A R

TEARAT I GURAI N, R PR ES] B BB SR R . K A=A AL

ek H391: 2015-12-29

EEWiH . FXEAREEEE I H (No. 51408393); 1L P44 BRI 78 7 4FHE 10 H (No. 2015021112); 35+ M X A % i ¥ 5 Fr 9P R S AT Il 3 A sk
3 = P4 (No. KLTLR-Y13-20).

This work was supported by the National Natural Science Foundation of China (51408393), the Shanxi Province Science Foundation for Youths (2015021112)
and the Open Foundation of Key Lab of Highway Construction & Maintenance Technology in Loess Region (KLTLR-Y13-20).

BEEW: TG 5, 198444, L, YR, FEMNFEHEREZ) )07 R TAE . E-mail: zhangmin021410@126.com



2932 = +

71 ¥ 2017 4

IR, RN TE AR A R

AR LA EE (R R, o] DR A4 K53 3T 1A
RS AT LRI AR A 1350 43 P A+
P AR FLBUKFIFL R SR 9 e — 3 510
Bk, fEBhZ ) Biot P shHLE, BT RS
TAA PR AA AR R SR AL S WA AN RS . 3 7 THI
A Degrandel®l, Yang(@. Chaol3Ifil & B4 1) T4
R EMRENE. A, BTEIAEEAGEH TS
o160l 2 e 0 N R s S o N N O o i |
FHA AR A o T AH A o [R5 AN PR S 5
BONWERRER AL, KREHHE RARETHSR
R R GBS 1) = AH 2 FLA B B 5 FE R AT AT
T [P0 30 R 1 -8, X Sef FE 503 B, 7R RN+
RS RAEDE (PL Y% P2 PRI P3 ) AN M)
3FELA LA R ¥ (B RL 3. R2 A R3 ),
FLE ORI DR RO 52 B E R, SRR
T BB 5 R4t 2 0], o R3 A (R |
TR AR, 7R AR o DA 21 S S IR AEAE
I e 15 52 (90 20 M7 1 <1 0 s R 2% T 4 ) 9 R 3 UK
(FOFIEKR()PEFMT R BRITRBURE.
Sharmal 0% - SR [11142 H 13 8 J7 R0 78 1 AR
AR 5T Pl 225 Rayleigh W i A% #8474 Ko
TIBFIE, e VAR . WARBEE . BYIE
FUE BE R SRS R OEALFER I o o IRt
Sharmalt?llg b ik fif 2 3t — D) 2 T R W A
(SPS)FITEFLBE FE 7185 B (NPG) B R ANB & 14 SN 15
T, KIAE NPG IS4, i s e IR B
BRAY AT TE — S R R N B R2
Beo BT R UELESLbrAt R 72 A B 5 | 37 Hh i 7
& 3FBLASTE MBI, YRR /4 i Bl
N\ BA KRR SR s oATHCRE M 20 AT 350 42 DA I 2 N
FOARTG, B HTE A R U B AL R R o s 5 LB
SEE X AR, XTEIRER AL W, SoHx T
T RAAATAE 7+ 2 I

YT UL S, ASCEEE L EIXZ (R 11 Z)
RIS, B R AL RRIE RS 5T N FLFR A4 1)
BRES MR, KA s R T EIE,
AR B IR 4, 5B Helmholtz 43 i,
FEARYE L2 D A& RZ S 4, @ T
Rayleigh ¥ FRIoREURFIE RS, BJa, WHE T A
WA, RZEEE. TEESHW
AL R

2 HEATIIE
TELIAIRF, FLBUEIN LT AL, Witk

J P SEBR IR ZR K B KT KRS, ENs g
A T ZRE B R 2 LA X
PGS MIHEREAE , 51 NFLISUE #h EEXT Bz 8l 7 fe it
1T 1& 1E . Smeuldersl® fz HoAth 27 35 M-SR ML R AH 2
LA IBR TR, 8inT —ANHERAS T,
AR LR S T 51 e P AL B /K 5 (] A B 22 [ f 45
PER A RO LA B FLBR K TE B8~ 5 AR A AR R nssig 2
A AL ZA, X SCER[16] A AR AT FL RS A SR
Darcy &t € FRMMGE—DHE

(7 -V o (U -1,) ]

n(1-s,)(uf -u;) = —pkag [P, + o007 +

D

(z.=1) s (ula —; )]

Xf: 7y o, BN FLBR AR 2 S i shiE h
FONVB I B RS2 bR B 5 B A TR A B (2
PR B LA . — R, I i R Bl FLRR 2 1 1 K
/N, BUEEEIER T 1~3 Z 8. T 5
A ERIR ORI R L, 7 LA L+N)2; 2450
B FH — RSP AT TR 86 B 7 v (%) [58)/E57 3 3 2 T
TMERN 1 FLBRESREN AR, THEEET
3[17-18]

AERIHL, SCHR[16]H 20 (22a) ~ (22¢) Ak
5 R N

EVU+(A+p)V(V-u)-avp, —a(l-y)Vp, =
pli+p ' + p,u

—fo=f39na(uf—u)+,%uf+(q-—n;%(uf—u)
f

—vm:thna—sJ@f—u)+%0V+

a

(r. 1) p, (0" - 00)

(
BB ZEOCHR[16] T 77, TR & 3RAG
% JE AL IGE MO8 K = AR B Bl T A
IV U+(A + 1)V (V-u)+ MV (V-v)+
NV(V-w)=pli+ pV + p,W
D,V(V-u)+D,V(V-V)+ DV (V-W)=pli+ 3V +bv
D,V(V-u)+DV(V-V)+DV(V-W)=p,li+3W+bWw

(3
TaPa s\ AR [ -
TR

'

A g =220, g =
nsS

r r



510 A =

B XUZ AR AR T Rayleigh 3¢ AL RRRE

2933

[~ PR P R R boRTba I3 30 1 86k 4
FH. TTUAE M, TE R T R A L2 AR
(I S FERE, SR R B — A BB,
2K FLBIE RN, B 7, =7, =10, iRy
AT ARAL B 5 SOk [16] o 58 A — B R

TB5E R WA x 7 AR P T o, LA
7 B2 A W A SRS B el o BT E
i ="1), [AIE SRR SCER[L4] 10 J7 0 ik 7 Rk AT
RN, T

~ 8- p oV —p,5°W
DV(V-U)+D,V(V-V)+D,V(V-W)=—p,5*U+b,V
D,V(V-U)+DV(V-V)+DyV(V-W)=-p,0 U+b,W
(4)
2 2 2
ﬁ':fj: V2—6_2+a_2+a_2y X:i, y:ly
oxXx: oy° oz K I

7=2, ro NHHT RIS NI — K B

r‘O
b=4+2, b,=ib6-96% b,=ib5-95%; L
FrerRoam o gEMN. (D ~ (4 FHRFTFS5H
B X LT ENLAS WCHR[16], BLAAFEE.
() PR =2 LN B & R & 8) 1771
i 9 MR AR TR, T, SINE
SR LUK SRR ES o v o v @, MR
T8y, . v v, i) Helmholtz 73 e 2,
MBRET. VAW I RRA
Vo, +Vxy,
=V +Vxy, (5)
=V, +Vxy,

X w =[0y.0] = v =[0y.0] : w,=[0,
w,, O o [ W AR SR AR A T) FE 2%
mAe=divi=Vip,, ¢=diWw =V, &=diviv=
Vo, o

IR H AR, 7 Cartesian 2845 N _FikE
kAT B R AR

<l c

=]

g =% %V g _ 00 0OV,
oxX 0z 0z oX
v 290 OV o _Op 0wy 6)

X 't @ X
w =00 W g 00 OV
X oz oz X
R, SR FH 35 bR BRI B AR S AFLRS AL
RIS 73933904

_ 2 2 2 2
5 =qe+2 _7 aq;“ra(is +2 0(/23_31//5
e oz X aTox
_ 2 2 2 2
5, =Tera o S0 OO o OO OV
oz oX oz 0r° OXor
_ — 2 2 2
fxz =ai+ai= ai//; —a .//25 +2 a_(ps
0 oX OX 0z OXoZ
P =-Dje— D&~ D,¢ =-D,V?p, - D,Vp, — D,Vp,
ﬁa = —546 - 55‘9 - 565 = —54V2(03 - 55V2(pf h 56V2¢a

7
Ref: 6,0 &, AT, A EE X | 27 A A
JIRBIRAT: By P, A INFLBAK R % UE A1
E R TR (S AT T 4
k.

3 dErufn-trh Rayleigh B IREL T 1%

1 Y ARAUZ IR 2R, AR [ [R 1R R 2
JEp s A A o — BN h 3R (/). ]
SE RUEAE x-z P NI x IEFAE R, z hiE e 45 )
FICIRE R, B 52 70 5w A R AN F 4k

.CI 1
A

A Bol

Kz

TERR )

et At

\ v

Bl fREEIREAEERE

Fig.1 Unsaturated half-space with a surface layer

3l (5 AN (4D, 7% J5 e 1A BEAT B
FERERIE S, DR BB TR LA IS
JiREA.:

P KA
bV>+62  MV*+p.6° NV+p,6° | o
D,VZ + pfaj D,V? b, D,V? o |=0
D,V?+p,0° D,V? D,V:-b, |\,
®
Vz +52 /5f52 ﬁagz l//s
S R: -p.0% b, 0 |y [=0 (D

_/3352 0 b3 Va

FELL SRR T TR R AR, W R EOE
BEAT 5208 0, A



2934

DiF
&_F

2017 4

(V2 + krfl)(VZ + ka)(Vz + kjs)(ps,f'a =0
(Vz + ksz)l//s,f,a =0

e —ki (=1, 2. 3). k27t (8D, (9)
%ﬁﬁﬂﬂm#%%,Tﬁﬁﬁﬁﬁﬁﬁ&Xﬁ

TE=AHZ AN R R, f7AE 3 PR 4
WAEH RN IFRAE PL e, P2 YA P3 AN 1
FETOIBE S Pelo Xt T T P expli(eot — K X)]
T 20 A 45 9 A1 expli (oot — k X)] LA BT E09%, 3
(100 ¥ k; =Re(k,)+ilm(k;) Fl k, =Re(k,) +
|mwgﬂwﬁ3ﬁP&ﬁs&ME&ﬁ Hrr, sk
AR T HIEE, R T W
TR E % R 7 AR B ) kAR 3R, EEOKR
Im(kpi)<0, Im(ks)<0, XhfEFEFE (100 28 1z
ko 1) 6 NEAR, (U 3 AEASLERYBELE L, M
2 (10 5 2 A ke A —NEAREA SERRE

(10>

FHRIH, 4 Fh A AR 70 73l 9
Pfi: V= (i=1,23)
2nRe(k;) 1

i . _ @
S VS_ZnRe(k)

HA TR %, 20 (100 R K
PRE o N 3 B2, RIR AR A ek s
AL AR AH A A 35 ek B, FG o A B SR K

Mgl ik A e N
=Z3:[AJ exp(-=s;Z) + B; exp(s”z)]exp —ik x)

= [AM exp(-y2) + B, exp(?’if)]eXp(_ikR K)

12>
A ke N R WINREEG An~Ais, Bi~Bis N

BRERIIRAE, TA% i=1, 2 AR B AR E £
SR 5T 7, 09, = ]2 K2+ 7= IG KT
(=1, 2, 3)73 AR L% L Z I 3 BB AN 1 A BT 1)
FHRLM, FRAE (8D,
AR R B
3
P = deij [A, exp(-s;Z) + B; eXp(Suf)JeXp(ikRi)}
j=1
Wy =g,y [AM exp(-7,2) + B, EXp(ViZ)]eXp(_ikRY)
(13)

(9) AISLEK AL

0, = ZS‘Idaij [ A exp(-s;Z) + B exp(s; Z)]exp(—ikRi)}
W = 0as [As eXP(=7Z) + B, exp(;,Z) exp(~ikg X)
(14

dg VAL T -
fi (D,D; — D,Ds )k +(D,b + Deh, k5 +byb
_52
(J=112’3) df|4= !
b,
| _(5155—52‘4)k;—(54b2—-a5 D +ﬁf5255)k;+ﬁa52b2
” (D,D; — D,Ds )i +(D,b; + Db, )5 + by,
— 32
(j=l,2,3); da|4_&
b3

BB mE (12) ~ (14) RN EARR F-NEE %
FRIEX (D, FHEE AT exp(-iksX), FIFFHE
R RFRHIS BN S FLUEFBI RN

G, (7) S =F (15)
N P Ry
Si= [Al Az: Az A4 By B By B|4] RHOEFE Gi
4 858 [ i B, %ﬁfu?"”ﬂﬁ

(252 72,95 (2),(25% - AKk2.) 95 (2), ]
| (255 -20Ga) 4 (2). 2k (2),
O (g2 2. (25 ) 2),
(255~ kG )95 (2),-2inke ) (2) |
[ 2is k90 (7), 208, ke 95 (2), 2is ke 95 (2),
20 (2),
S| ikt ()2 sl (2),
| 2isgka ) (2),-(k +7) 27 (2)

(
(z

{I(lf)lgl(l)( ) (f)lgi(*)( ) |(3f)‘9|(3)( )
):

G (3, >
B gy 21000 (2)0089 (2).0
G [5]= ke 91 (2), ke 85 (7), ke 957 (2), 7127 (2), ]
T k8 (2), ke 9 (2),-ike 95 (2), -7 (7)_’
a6 ,]{ 53 (2), 529 (7). =56 (7). et (7).
| 5.9y (2),5:97(2),8:95 (), ~ike 14 (2)
_Sudfillgll ( ) SIdeIZIQIE) (Z)'_SisdfiB'gi(Si) (7)v
1 _idefMZ. ( )
ST 080 (2800 (2) 5000 2),
Ik df.M. (Z
Sda|19 (7) =550, 4 ()I_Si3dai3"gl(37)(z)’
G»[S']— —ik da.M. (Z)
o 5 da|1'9 ( ), Sio%ai29 ( ):Sia daua‘g ( ).
ke, 2 (2




510 A =

A% SUZ AR AL G Rayleigh ¥ A& & FEE: 2935

lgiJH (7) =exp(=s;Z) ; lgijm (7) =exp(s;z) ; o (7) =
exp(-7z) ; (7) =exp(Z) ; 77i§f) = k;j(ﬁu + |5izdfij +
Ijisdaij) ;Uéa) = ksij ([_)i4 + I:_)iSdfij + I:_)iGdaij) » J=1,2,3.
T z—oolff, ArfgEiET 0, NEELICEE
FATH, REBy=0, j=1,2, 3, 4. HEHFHNHHE
Wy, HiESS #EK, W z=04F
6,=0, 7,=0, p,=0, p,=0 (16)
T2 REARE . SRR ESE&ME, £ z=h
JUs]
0 (h) =a? (h), @ (h) =T (h)
v (h) =V (h), W (h) = W (h)
) (h) =G (h), 7o) (h) =7 (h)
pi” ()= (h), P (h) = p? (h)
74 =0, h A (15), H4iE LRt
FAFRESE S (16D, (17), W13 —418 R AL
kr(R W IR 2T R4, HAEREE AN
aX =0 (18)
A X =['°n, Az A3 A4 BB By By Ay Ay,
A, A REUERE a N 12 BhEIRE, B2t (16D,
(A7) GE&TuE a (MRIEA, MbABARTIH .
BE L B IR &M T RRAAAE AR T, N REUE
FERIATZIZ0N 0, A
det(a) =0 (19
AR BUZ SR AN EE h Rayleigh 5 TR X
FRETHE, FEUEAISRH R B E B kry AHRHE,
R EH A IR R E ) WM Ve= or, /[2nRe(kr)]
O =—Im(kr)/roo
EAR VIS, RECEME a N— SRR, R
ST ke FOTINESN, 51 AT 21 R FU AR AL, DAL,
B HOE A P FE R (19) 3T SRR A
A, AFAE = BRI R . ST, AT
I W EYME, e HTE AR,
KA BREMER T ER T H B kre %
JEBILE B A BT SARSSEAT FAEAPIAHA L, R
W5 S W EIE L2 SR m=Ve/Vs=(0.87+
1.12v)/(1+vs)200, v, vs yififatt, HHEEARRT
R KRB T W L E 8 H R BECHE 8], MA]
¥ ks/my A ksofmy BT RGBS AN R S IXC 1)
([Re(ksi/m1), Re(ks2/mz)], [Im(ksi/mi), Im(ks2/m2)])
VEJIARFIEL Ke PR X3 CIXCTR] Y0 AT 4 k0
I A X TR 73 AT B L, SRS —HEE
BF RBGERE a A7 UE, Ho/ME (REIED
Fiont SEH ke BRI TTRE AR . BT, PIARYEE
IR, T 0 A B X R BB AE AN R, DA

an

GRS . T RAUERE a BB KRB0, 24
ER TSR RAT A AR ME CRERIBD R
KT 00 REZIRZEX LR ELI S5 REZMR /N,
EXP LA 73 AT BTSRRI EOR, D n] AEAR AR PR
BEATER 2 SeAm{EisAt, DLt DIt midioRs . b
RAESSE X (8] AR 535, e —FiBON IR R Ak
HI7VE, AUE F T 0 1 R T R DR ORI SR A
T LRSI R (SRR ) [ 2 R AL IR
PRZ, AT22AR ) SCHR[21]5R M 2R v A - 6 £ v
JZ I3 Hik.

4SBT

AV ERIZEE . HENIE., TME.
FIE RN 3% Z B0 Rayleigh I (AL 3% 53R4T 1+
o THEPEREW LESHE N TRk, AR
i Ks=36 GPa, #J¥ p,=2 700 kg/m3; FLBR/K, 14
iR Ke=2.0 GPa, % p, =1 000 kg/m3, Ziii &
i, =1.0<10%Pas; X, EBUEE Ka=145 kPa,
%L p, =1.29 kg/m?, Fii 74 n,=18.2x10° Pa s;
+H4E, Lamb REA=G, AL vs=0.25, FLEZZR
n=0.375, %M 11 R ELy =S, TR REAIE Swo=5%.,
E 51515 25 0 =1.0<10 1 m?; V-G HEA S5,
7=10x104Pal, m=0.5, d=2; B4, HLHFKDL
W, TEAW KRB AR S EOor
P3P RL G=10 MPa, il f=w/(2r)=20 Hz %

ANIF)7E 55 2 B VIR T R I Uk i T R FE )
anE 2 fros. ATLLEH, R I E b AN RS 1 1
IS, PEREE 5E A AN HIL/NE T,
HAEGEB B R, BBk, X&HT R
M P 3 OUHE PL O M S BAEHER T 1M A%,
HAG R P BE VA FE AR A S22 PR SR G50 . F
SCHR[6,22]FT %11, SeAKT 90%HT, P1 i i IR AA
AF, MR S A AR, SR, AR T
(]S W NI BE A Sr BISEANTIT PRI/, AR
L FEVE =4 T 2 Fios i R SRR AL A
Kl 3 i £=0.1. 10, 20 Hz I, _FHCR i REAA
AN R 5 2 )5 1A Al 28 . B BT I,
B ZEE b SR R L ENIEXT R B IHE Ve
WEHERELW. BEE h N, VeIZERN, I
BT FELEASR R B, HAERS (K
HEED, B R R NIFERAIC, s T EO ) h
N, BT RE T EMI R XU,
Rayleigh BAENEIR M —K, HALRRIEE Z K%
KZLZHRm, HSERIRACR, GHEER



2936 ¥ +

71 ¥ 2017 4

BRER, Ve MDA AR R R - A9 B B~ 25 18] P Y R
BEPOE, VL& 5 RSB R N

160
[ G1/G,=0.4
> ﬁiz‘?r? MPa P G1/G,=0.6
.......................................... Gl/Gz:O.S
T
z 180 o
E T
£ ol T —
110 +
w0
90 I I I I |
0 - = o 80 100
S /%

B2 PREXTEE VR RIS

Fig.2 Effect of saturation on phase velocity Vr

""" G1/Gz =0.2 Gl/Gz =0.6
e G1/G,=0.4 — G41/G,=0.8

160
f=20Hz f=10Hz f>01Hz
K.

140 B

120_‘ X ‘ ..... . R

.
\\\\\\
~~~~~~
~~~~~~

Vg /(m/s)

v\
||‘\
100 F 4N L T e
NN S Mo

80 |

..

60

h/m

B3 EETRENIEXBEE Ve BRI
Fig.3 Effect of stiffness of overlaying soil on
phase velocity Vr

Kl 445 TAFIRZ LB E R Ve B h 148
bk %k, HAHE f =20 Hz, FEL)ZE G =10,
40 MPa. FTfgas fdt— bR\ T UE L BT —2
JERERT, R P IR R B 2+ 2 S 805,
JEHBE TR C A R, JLHEXN T B
N LERIEEZ VNS . ik, RN RIS
o, AR B AR AN Az R, 2
) E R

B 5 4 R AEAN R FLBR ZKE H1BE 7, 1 A ATt
2. BRI, FEMRATIX (F <100 Hz), 3 27, R
HEAAAE, (AR SR — B, o RS
BRI 2 AL B AL R 9 [ R (7 =1)
1T B FLBR I S BN AT (7, =3), JEEHR /N,
X5 SCHR[L4) A B TR 45 A — 3. JRIRTE
T, FLBSE i B BAR A A B A Bk B I 2 1 A
BN FLIER BE AR A, (]38 A R ) () AH AR FH 3
5, 15 R VR AR SO R RIS R B
ANFEEAE TR, o Az, S ik 8 2 g AR J AR —

B AL W 7, WBCERISEAR N, A 7, I
RIS 2 5 B b 7 =1 IS L P e 2 A R
RS, 7, BB, JE IR T LB Ui S 52 1E
T X PR A1), AT Bk 555 1 [ 7 A ] )R 5 1
RS (SN2 (2 wa g 1 s P RV a5 E R K
Ag. &5 G5 RABULHT, T AR e T U =
Wy A B LR M T 25 P U 72
LB e B ARRE L

180 G, =70 MPa

/ G,=60MPa  Sr=10%
160 [, G, =50 MPa
wob Kl G1=40 MPa
€
=
o
>
G1=10 MPa
3 4 5

h/m

B4 ok Ve FERIEEEREKZRL
Fig.4 Variation of phase velocity Vr with thickness
of overlaying soil

71 ¢

7=l S, =90%
2

Vg /(m/s)

100 10t 102 108 10*
f/Hz

K5 iE il EXEGE Ve KR
Fig.5 Effect of tortuosity on phase velocity Vr

DN FEAN [F L RD BT [ V505 R X R i
AR B, B e=107~101 m?, XM
Darcy 1£1% 23 ka=1~10 ° m/s, 545 B & 6 jr
o EH 1 mis (BIE KRB HE T #, ks
BRIIBE R o/ iZ30E % . HE AL R
AR RBIE R I EAFAE— DR B,
B 215 B0 AR RV LA = AR E R AE
HTE] X B, ORI o P3G KT R IR AR
BAR R RS i, thah, WA
fm, OEIEIEROR, SR B RS, HK
TRHTUR AR A I I Uk AR BB BT XS B ) i (BN, PR
HMEHEIMAR . LILBR S KRR, TR



510 A =

A% SUZ AR AL G Rayleigh ¥ A& & FEE: 2937

RIS (Sr =1096), T[] T[] AR TA] AR b P AEE
PERG & RS AR, M ZE I AR B FEBE o TR
e, BEIF AT A AR A AL P

72

70 |

68 |

Vg /(m/s)

66 |

64 |

=200 Hz
62 L 1
-12 -11 -10 -9 -8 -7
Ig(x/m?)
(a) WOEBEx (AR b2k

12 ¢

=200 Hz

10+~

08

06

&/ (1m)

04

02

0.0 2o =
-12 -11 -10 -9 -8 =7

Ig(xc/m?)
(b) HEIRAEBEc WL
Bl 6 RBEBEEMERRLPEEGSE RN
Fig.6 Variation of phase velocity and attenuation
coefficient with intrinsic permeability

Bl 7(a)s 7(b)43 N R IR AN T I8 2R H bl AT
KRR L (b £ =1.0x109m?). NiFieJ5fE,
5 S LR A AH A SR R RFAE AT £, = ng [ 2mk, [ 291,
& SCAEHAN - FRFEAZE £, = oy, [ 2rmo K, K 9
FLBRZK I AH X ZIE 2240024, n] 15 & S, =60%.80%
90%I} FIRFAEATIZR 4 1) A 964 248, 135 Hz. HKE
AL, FEARAIX, Y BE A IR AR AR /N s 24 f /e —0
i, FLERIRAREE AN KB, VriiETH RS
TEOL T R BEBE . S0 K BIRHEAR f Bk
I, PRI, HURIE M, SRR, K
AR AR AN I R R AR AR BRI, A 2k BRI AR X #2 3) «
KT 10 KHz B, AN [F) PRI 2 T (180 e 1
—E, DR VR LT HE S R PRIGE. F 4,
W6 55 A3 A3 o [ -3 R AR TR AR XA 3 51 A AR B 4
FEHOZWT S, B FEROZ WSS, I 2 I 3
PR 4 f<l kHz I, HORIREE & Ak B T R Y
WREME, T f>1kHz B, R 2 CILEL 7(b)) .
THEIE R I, R PAN S I BER AN AR 1 A DA K

P IR LA A, R BIAE AR £ rh R A7)
SRBRBY VIR, 3K 5 AR A A - (1 45 R
— %

72 r

Vg /(m/s)

64 | —mem §,=80%
—— 5,=90%

62 1 1 1 ]
10° 10t 102 103 104
f/Hz

() WOEBESNZRAL b th 2k
10t ¢

100 b
1071 -

10’2 o

S/ (1/m)

100}

104 F

1075 1 1 1 1
100 10t 102 108 10*
f/Hz

(b) BEI R BT AL M 24
B7 AREAET REREL%

Fig.7 Dispersion curves of Rayleigh wave for
different saturations

5 4

(1) R RN A3 N i e Ve /N, A2
P 58 A VAN /N BT

(2) 3T EBRT AR R, WEEGREE
h BN, BOEZHEN, HET EE L RA S
RO s HLIA s o 2 W R, s
BT BN b 2 -0 I, Ve NPNRE L4
S R PBCHE, MO 55 2 2 B R AR .

(3) FLRRAKIE M 7, XI5 ) 2 3 ZAR LA E
X B, 2 A AL At e R U Py R A bR 9 )
FLBE SN AT, BOEIZHTRS, T2 AL
JE 7, Hszm AR A IR

(4) R PAER REE R RIS A —
AR, P B BOENEEE « G
Ko HAANRE MR, SRR, M0 S AR HOU A A
SRR ES A AR 2 S—0 B, « KI5
M A 2K o



2938 ¥ +

71

2 2017 4

(5) FEARAX, R PBCEZIR KT

(EELTES pNEEIEER 1R E S PUR P SUSUbS DN
FUAI R e, SERROR, R A AL AR AR AR
By 2 f>10 kHz I, AR S R RBGENE T —

.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

Z % X B

DEGRANDE G, DE ROECK G, VAN DEN BROECK P,
et al. Wave propagation in layered dry, saturated and
unsaturated poroelastic media[J]. International Journal
of Solids and Structures, 1998, 35(34): 4753—4778.
YANG J. Rayleigh surface waves in an idealised partially
saturated soil[J]. Geotechnique, 2005, 55(5): 409 —414.
CHAO G, SMEULDERS D M J, VAN DONGEN M E H.
Dispersive surface waves along partially saturated porous
media[J]. The Journal of the Acoustical Society of
America, 2006, 119(3): 1347 —1355.

JEET R, ERAR. 243 1] 1 A o 3 R PR A R R
PERF T[] A L TRE2EHR, 2007, 29(5): 750—754.
ZHOU Xin-min, XIA Tang-dai. Characteristics of
Rayleigh waves in half-space of partially saturated soil[J].
Chinese Journal of Geotechnical Engineering, 2007,
29(5): 750—754.

CHEN Y S, LO W C, LEU J M, et al. Effect of
impermeable boundaries on the propagation of Rayleigh
waves in an unsaturated poroelastic half-space[J].
Journal of Mechanics, 2010, 26(4): 501 —511.

LO W C. Propagation and attenuation of Rayleigh waves
in a semi-infinite unsaturated poroelastic medium[J].
Advances in Water Resources, 2008, 31(10): 1399—1410.
CHEN W, XIA T, HU W. A mixture theory analysis for
the surface-wave propagation in an unsaturated porous
medium[J]. International Journal of Solids and
Structures, 2011, 48(16): 2402 —2412.

R, BRI, 2Rk, 45, WA AIEEXT Rayleigh
WALRRFWAAT FT[I]. T ERNE: e, J%, RO,
2012, 42(2): 148 —155.

ZHAO Hai-bo, CHEN Shu-min, LI
Influence of fluid

Lai-lin, et al.

saturation on Rayleigh wave
propagation[J]. Scientia Sinica Physica, Mechanica &
Astronomica, 2012, 42(2): 148 —155.

WRoBRs, BREDG, XIE%E, 55 AL FAA T AR
T EE ) Rayleigh A% #&[J]. K FI %4k, 2015,
46(11): 1329—1336.

CHEN Wei-yun, CHEN Guo-xing, LIU Zhi-jun, et al.
Propagation of Rayleigh wave in unsaturated soil at
different boundary conditions[J]. Journal of Hydraulic
Engineering, 2015, 46(11): 1329—1336.

SHARMA M D. Rayleigh waves in a partially saturated
poroelastic solid[J]. Geophysical Journal International,
2012, 189(2): 1203—1214.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

TUNCAY K, CORAPCIOGLU M Y. Wave propagation
in poroelastic media saturated by two fluids[J]. Journal
of Applied Mechanics, 1997, 64(2): 313—320.
SHARMA M D. Propagation and attenuation of Rayleigh
in a partially-saturated porous solid with
impervious  boundary[J]. European
Mechanics-A/Solids, 2015, 49: 158—168.
SMEULDERS D M J. On wave propagation in saturated
media[D].

waves
Journal  of

and partially Ruston:
Louisiana Tech University, 1992.

ZHANG Y, XU Y, XIA J. Analysis of dispersion and
attenuation of surface waves in poroelastic media in the
exploration-seismic  frequency band[J]. Geophysical
Journal International, 2011, 187(2): 871 —888.
CAPEILLERE J, MESGOUEZ A, LEFEUVE
MESGOUEZ G. Axisymmetric wave propagation in
multilayered poroelastic grounds due to a transient
acoustic point source[J]. Soil Dynamics and Earthquake
Engineering, 2013, 52: 70—76.

ZHANG M, WANG X, YANG G, et al. Solution of
dynamic Green's function for unsaturated soil under
internal excitation[J]. Soil Dynamics and Earthquake
Engineering, 2014, 64: 63—84.

BURDINE N T. Relative permeability calculations from

saturated porous

pore size distribution data[J]. Journal of Petroleum
Technology, 1953, 5(3): 71—78.

BERRYMAN J G Confirmation of Biot’s theory[J].
Applied Physics Letters, 1980, 37(4): 382—384.

LO W C, SPOSITO G, MAJER E. Wave propagation
through elastic porous media containing two immiscible
fluids[J]. Water Resources Research, 2005, 41(2): 1—20.
YANG J. A note on Rayleigh wave velocity in saturated
soils with compressible constituents[J]. Canadian
Geotechnical Journal, 2001, 38(6): 1360 —1365.
Sedpe, SR, AR, S IR 5 o g R
FERREE T E 0 05 [9). A T RE AR, 2015, 37(6):
1132—1141.

CHAI Hua-you, ZHANG Dian-ji, LU Hai-lin, et al.
Behavior of Rayleigh waves in layered saturated porous
media using thin-layer method[J]. Chinese Journal of
Geotechnical Engineering, 2015, 37(6): 1132 —1141.
GHASEMZADEH H, ABOUNOURI A A. Compressional
and shear wave intrinsic attenuation and velocity in
partially saturated soils[J]. Soil Dynamics
Earthquake Engineering, 2013, 51: 1—8.
ISHIHARE K. Approximate forms of wave equations for
water-saturated porous materials and related dynamic
moduli[J]. Soils and Foundations, 1970, 14(10): 10—38.
BURDINE N T. Relative permeability calculations from
pore size distribution data[J]. Journal of Petroleum
Technology, 1953, 5(3): 71—78.

and



