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Response of the non-homogeneous saturated
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Abstract: Based on Biot’s model for saturated porous media, the dynamic
responses of non~homogeneous saturated soil was studied by using Helmholtz
vector decomposition principle and exact dynamic stiffness method (EDSM)
when P-SV wave was incident from bedrock. Reflection and transmission of
incident plane P-SV wave in non-homogeneous saturated soil were analyzed
considering the continuous variation of physical and mechanical properties about
saturated foundation along the thickness direction. As a consequence, the

general calculation formulas about the reflection coefficient and transmission

% (11162008, 51368038) . (1104ZTC140)
(1103-07)
2014-08-04 , 2015-01-20
& e-mail; geolut@163. com



630 37

coefficient of bedrock and free-field on the both surfaces were given. As numeri-
cal examples, assuming that the material properties of the saturated foundation
had an exponential law distribution and gradient variation along the thickness-
coordinate, the dynamic response of non-homogeneous saturated soil and free-
field to incident plane SV was discussed. The numerical results indicate that the
ratio of ground displacement to bedrock displacement decreases with the
increase of the thickness and heterogeneity index of saturated soil, incident
angle and frequency of seismic wave. The vertical displacement ratio decreases
more significantly than the horizontal one. The dissipation of seismic wave
caused by the thickness of soil layer is obvious, which all should be taken into
account in engineering practice especially on complex layered situations.

Key words: saturated soil; non-homogeneous; P-SV wave; reflection and trans-

mission; dynamic response; exact dynamic stiffness method

Biot(1956a, b) ,

( , 1987; Corapcioglu,
1991; > , 1995; , 1996). (1997) s
’ H (1981)
(2002, 2003) s
. Deresiewicz  Rice(1964)
; Stoll  Kan(1991)
, ; Santos  (1992)
(1992) . (1997)
; (1998), (1999) (2005)
(Wolf,
1985)
Kolousek(1973) s s
. (Kolousek, 1973).
(2000)

(1995, 2003), (2005)



4 : P-Sv 631

Biot ,
, P-SV
SV
1
1 H,
P SV 0, A B
1.1 . y
Biot , N T ”
(Zhou et al » 2013) LW
uViu+ gradl (p+2+a*Mel— H .
grad(aM{) = ou + pw, (D)
grad(aMe — Mg) = (ot +mw) +bw, (2)
suw -
S =iy L= —wii;
A u s b=7p/kis 7
. ky sa M
Biot . e=1—K/K., 1/M ! o
=G /K bn/Ke KKK oo ot
N 3 foundation model
m=opi/n
3 o= (1—n)p, +np . n s 0
, u w Qus P Pus Yo
u=Vo,+V X Ve =0, (3
W= V.tV Xgos Veg, =0.
o =@ T ¢
o = [Atp1 exp(—ikyp 25) + A exp(ikyp, x3) lexpliChiaz —wt) ],
¢ = [Awp, exp(—iksp, 25) + Asp exp(iksp, x3) JexpliCk;x) —wt) ],
L@ = Op, (Ap exp(— iksp 25) + A exp(iksp x3) JexpliCkix, —wt) |+ 4)

é\Pz (AtP2 exp(— ikgpz Ig) + ArP2 eXp(ikgpz X3 )jexp[i(klxl - (,()t):l )
¢ = [ Biexp(—ikssa;) + Boexp(ikysay) JexpliCkix) —wt) ],
g = Os[ Biexp(—ikysay) + Brexp(ikysay) JexpliCk a) —wt) ],

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



632 37

Ap, A, P, P, i Ap,  Aw, P,
P, ; B. B, SV SV s kL =wsinf/v,
X ’ a):27tf . f Y

kgPl =7l — ki, kgl’z =7 — ki, kis=yi—ki,
*ﬁzi \/,8%* 4,8153 2 __ *,83
s VS —m 5
2B 1(mw” — iwb)
Br = MQA+ 20,
B: =— QA+ 2pu+a*M) (mw’® — iwb) + 2aMw’p, — Mw® o+

2
Vi =

B = wzp(mwz —iwb) *wﬂo? ’
 QF2wri Fo'p—aw’p, B o
P.P, — 2 B 2 y O0s =— T
. almw® —iwb) —wp, mw” — lwb
X103 P_SV ’ Xo ’

uy = {iky [Awp, expliksp x3) + Ap exp(— ikap 25) ]+ ik [Aw, exp(iksp, 25) +
Awp, exp(— ikyp, 250 ] — ikss[ B,exp(ikysay) — Biexp(— ikysay) 1} expliCkix —wt) ],
w, = {iksp [Awp, expCiksp ;) — Ap, exp(— iksp 25) ]+ ikap, [Awp, expCikap, 25) —
Aw, exp(— ikyp, x50 ]+ ik [Brexp(ikssa;) + Biexp(— ikssa;) Jhexplilkizy — wt) ],
w; = {iksp Op [Awp exp(iksp x5) — A exp(— iksp x5) ]+ iksp, Op, [Awp, expiksp, 25) —
Aw, exp(— ikp, 23 ] + iky 0s[ Brexp(iksss) + Bexp(— ikssas) I expliCkiar — wit) ],
p = {a+ o DVMLAp, expiksp 25) + Ap exp(— ikp, x5) ]+ (5)
(a0 ) M[ A, exp(iks ;) 4 A, exp(— iky ) 1y expl ik 2 — wt) ]
o5 = (& [Aw, explikp 25) + Ap exp(— iksp 250 ]+ & [ A, expiksp, x3) +
A, exp(— iksp, 15) — 2pky kys[ B.expikss2s) —
Biexp(— iksss) T expliCk 2y — wt) ],
o3 = {— 2k kap, [ A, expCikap, 23) — A, exp(— iksp 2,) ] — 2k ko, »
[ A, expCiksp, x5) — A, exp(— iksp, x3) |+ p(kis — k1) [ B exp(ikss ;) +
Bexp(—ikssxs) |explilkiar —wt) ],

&= —Z#kgg_ﬁ (A+a2M+aM8p] ), &= _Zﬂkgpz —; (A+a2M+aM5PZ ).
1.2
o = [Aexp(—ikspas) + Arexp(ikypas) Jexpli(k x; —wt) ],
¢, = [ Biexp(— ikysxs) 4 Brexp(ikasas) Jexp[ikia —wt) ],
P N 5 A, A, P
P ; Bi B, SV SV 3 ks = wcosl/vp »

(6)



P-SVv 633

Up

P 3 kaps —wcosl/vg s vg SV

uy (15 x3) = ik [Ajexp(—ikspx;) + ArexpCikspxs) Jexplilk iz, —wt) ] —
iks,s[— Biexp(— ikssas) + Brexp(ikysas) JexpliCk x, — wt) ],

wys (15 23) = ikgp[— Ajexp(— ikspas) + Acexp(ikgpas) Jexplilk;x, —wt) ]+
ik [ Biexp(— ikssas) + Brexp(ikssas) lexp[i(kiay —wt) ],

D)
. 2 2 2 . .
oy = {— E/\b (ki + k3pp) + Z#bksbP][AreXp(lksbPJCs) + Ajexp(— iksprs )] -
2k ksyp [ Biexp(— ikysxs) + Brexp(ikssas) JhexpliCk iz, —wt) ],
— . . 2 2
ons = {— ZﬂbklkaP [AreXp(lkszﬂCs) — Aiexp(— ikypas )]+ /lb<k3bP — k1)
[Biexp(_ ikysas) + Brexp(ikysas )]}exp[i(klxl - wt)] s
s Uy
° Y b
b
b
’ (2] ad
xF >
1
b b
2
b
’ 2 N H
J
P, .P SV . .
2.1
P:ksPlxsv Q:kspzxsy R=rkysxs, (5)
2
G — D AWD : _ . .
U FP AV expliCkiz; —wt) ], (8) Fig. 2 Laminate model of non-
. . homogeneous saturated soil
’ J J . ’
’—ikl cosP — k1 sinP ik1 cosQ — k1sinQ — ik3scosR k3ssinR -
— kgpl sinP ikspl cosP — kspz sinQ ikgpz cosQ — k1sinR ik1 cosR
— ksp, op, sinP iksp, op, cosP — ksp, dp, sinQ ik3p, Op, cOsQ — k10ssinR ik10scosR
FO 198 1901 2 0P 2 0Py
(atop, ) 7§ McosP i(a+op, ) 7§ MsinP (a+op, )73 McosQ i(a+ v, )73 MsinQ 0 0 ’
&1 cosP i&1 sinP £2c08Q i& sinQ — 2pk1 k3scosR — 2igk1 k3ssinR
L_ 21k /zspl sinP — 2k k3p1 cosP — 2ipk kgpz sinQ — 2uk kspz cos@Q iu(k3g — k7D sinR  p (ki — k) cosR

i ) [$2] (@2 [$2] [$2] (G2 [$2] [$2) [$2)] [$2] [$2] ($2]
A(j> == |:Arll’1 +AtI]’1 rf’l _Ath’l Arf’Z +Atf’2 ArI]’Z _AtI]’Z Br] _B(] Br] _'_Btj ]T’

[ @) @) ©) &) ) ()T
U’ = Eulj us’' wy’ p’ o3} o1} ] .

’ (8 ] Oih] . ) x3=0,

(€)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



634 37

P=0, Q=0, R=0, F© . 5. P i1
Uy " = FYAY explilkix, —wt)]. 9
€)) 5 @8 j—1 J
UY = F9 fouy, (10)
F(j) féj) ] N N
X ) G = F@ f<(>’> ,
G(j) ] . X3 :hj 0 /(,j,) :F;z{)f’(()j) ’ (10)
U;;j) — G;Ij‘)U;ij*l). (11)
N—1 N , N
N
’ M m ]_\[ IG(M) 7G}(’z 11)G;Z:722> .”G;i). H:jglhj ’ hj ]
R N
(12)
FV AN = MF{ A", (13)
a=FNY. b=MF"Y. Y ,
rl 1 0 0 0 0 7
1 —1 0 0 0 0
y— 0 0 1 1 0 0
o 0o 1 —1 0 o0/
0 0 0 0 1 —1
o o 0o 0o 1 1|
(13)
aXN - bX] ) (14)
I:A(l) A(l) A(l) AEI-I’) Bil) Bgl) ]’]‘ , I:A(\) A( N) 5};\) ASP\') Bi\) Bf;\") ]»]-

2.2
y 033 =013 = p—0

o = (6 (A + AP + 6 (AY + AL — 2uk ks (B — B

expliCkzy —wt)] =0,

o1y =— p[2k ko (AD — AD) 4 2k by (AD) — AR —
(kis — B (B + BY) JexpliCk 2y —wt)] = 0,

p=[Ma+ & )7 (AP +AE) + Ma+ 8,7 (A} + A ]
expli(kizs —wt)] = 0.

(15)




4 : P-SVv 635

N s Uy = UL s Upg —Us s Obgz — 033 Obis — 0135 Ws; —0,
ik (A + A — ikys (— B+ B,) = ik [AR exp(iksp ) + AR exp(—iksp ) ]+

ik LA eCiksp h) + AR exp(— iksp h) ] — ikss[ By exp(ikssh) —

B exp(— ikssh) |,
kg (— A + A + ik (B + B,) = iksp [AR exp(iksp h) — AR exp(— iksp h) ] +

iksp, LA exp(iksp h) — AR exp(— iksp h) ]+ ik [ BiY exp(ikssh) +

B exp(— ikssh) |,
— (A (kT A+ Riip) + 2p ke JCA + A — 2p ki ksys (B + B, = &[AR expikyp h) +

w, exp(—iksp 1) ]+ & [ AR exp(iksp, ) + AR exp(— iksp h) | —

2pk kas| B exp(ikysh) — B{Y exp(— ikysh) |, (16)
— 2k kg (A, — AD 4 gy (R — £ (B B.) =— 2k ko, LAD exp ity h) —

AR exp(— iksp 1) ] — 2yl by, [AS exp ik ) — AR exp(— ik h) ] +

p(kis — R [ B exp(ikysh) + B{Y exp(— ikysh) 1,
iksp Op [AD expiksp h) — AR exp(— iksp h) ]+ iksp, 0o, LAW) exp(ikap h) —

AR exp(— iksp, h) ]+ ik 0s[ B expikysh) + BN exp(— ikysh) ] = 0.

(14), (15) (16)

CX =D, amn

C:[Cij]MXM’ D:[dzj]qu’
o)) %) <1> <1> o)) ) ) (N () ) N (N) T
X=[AY AY A% AR BO BV AR AR AW AY BY B A BT

an, R N
(5) YO x3=0,
, , Matlab
3
3.1
(Zhou et al, 2013),
H
n(ry) = [n<o>—n<H>](Ts)’+n<H>, (18)
: Y ’ Y s H
. (x3=0) n(0) =n, =0. 45, Wang
(2013) , Ao =4.43X10" N/m?, o =2. 70X 10" N/m?*,
a=1, pp =2100 kg/m’, M, =4. 967 X 10° N/m*, p, =1000 kg/m’, ky =6X10 " cm/s,
7’10:0. 45. (I\;:H) n(H)=0. 25.
n (Zhou et al, 2013)

/ef:kmﬁ)”, G<n>—GO< ") (19)

1—mn,



636

37
K i G os As poa M
3 Mo ke G, .
Ap=2.059X10° N/m*, p, =1.427X10" N/m*, p,=2460 kg/m’.
3.2
)/207 SV
T — T —
—— Wolf (1985) Wolf (1985)
lga
3
3.3

Wolf (1985)

IC:19 H=20 m.

SV

SV

H=H u,/p,/27f 3

Fig. 3 Comparison of horizontal displacement ratio (a) and vertical displacement
ratio (b) between this paper and Wolf (1985)

(a)

N=100

Ai =0. Y= 1,
5 6
’
5 H s
39 67 7 w 95:27Tf‘H/’\//lb/‘Ol,-
1.0 — 1.0 —
{a) —jf=5Hz (bl —f=bHHz
= —f=25Hz i —f=2iHz
0.8 =50 Hz 0.8} =50 Hz
0.6
T
= ol £
0.2F
H-\-\_
U 10 20 30 40 50 60 70 80 90 1] 1020 30
4 (a)
Fig.4 Variation of horizontal displacement ratio (a)

(b)

P
10 50 60
a/°

b

and vertical displacement ratio (b) with incident angle
7

80 90



4 : P-SVv 637

—g=10" e (b) —=10"
— #=20" —0=20"
#=60" #=60°
—=T0" —_—g=T0"
10 11 12 8 9 10 11 12
5 (a) (b

Fig. 5 Variation of horizontal displacement ratio (a) and vertical displacement

ratio (b) with soil thickness

1.0

(b) —6=20°
C —6=30°
0.8 —— 6=60°
—0=70°
0.6
2 2
ag >
= = 0.4
0.2
0
—2.4 —1.6 —0.8 0 0.8
lgw
(b

Fig. 6 Variation of horizontal displacement ratio (a) and vertical displacement ratio (b)with frequency

A fah
ul /ut
wl fub

—2.5 —2.0 —L5 —LO0 —0.5 0 0.5 L0 15 -2.5 —-2.0¢ —1.5 —1..0 —0.5 0 0.5 .0 L&
lgi

7 (a) (b

Fig. 7 Variation of horizontal displacement ratio (a) and vertical displacement

ratio (b) with frequency for different heterogeneity indices

Biot , P-svV

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



638 37

D s
2) P-SV N

3) b b

, , . 1987. L1l , 19(3); 276-282.

Chen L Z, Wu S M, Zeng G X. 1987. Propagation of elastic waves in water-saturated soils[J]. Acta Mechanica Sinica
19(3): 276282 (in Chinese).

s . 2002. [J]. , 22(2): 1-8.

Chen S L, Liao Z P. 2002. Advances in research on two-phase media dynamic problem[J]. Earthquake Engineering and
Engineering Vibration, 22(2): 1—8 (in Chinese).

, . 2003. [I]. , 25(3): 272-279.

Chen S L, Liao Z P. 2003. Multi-transmitting formula for attenuating waves[ J]. Acta Seismologica Sinica, 25(3):
272—279 (in Chinese).

. . . . . 1998. L.
, 2006) : 598-606.

Hu YY, Wang L Z, Chen Y M, Zhang Z M, Wu S M. 1998. Reflection and transmission of elastic waves at the interface
of transversely isotropic fluid elastic soil and saturated soil[ J]. Acta Seismologica Sinica , 20(6) : 598606 (in Chi-
nese).

. 1981. [l s 24(1): 65-76.

Men F L. 1981. Problems of wave propagation in porous fluid-saturated media[ J]. Acta Geophysica Sinica, 24(1):
65—76 (in Chinese).

; . . 1992. (7l L 35(2): 242-248.

Qiao W X, Wang N, Yan C P. 1992. Reflection and transmission of acoustic wave at a porous solid/porous solid interface
[J1. Acta Geophysica Sinica, 35(2): 242—248 (in Chinese).

) . 1995, (R . 17(6); 96-102.

Wang L. Z, Wu S M. 1995. Some aspects on wave propagation in saturated soil[ J]. Chinese Journal of Geotechnical
Engineering , 17(6): 96-102 (in Chinese).

. 1997. [M]. : . 14-26.

Wu S M. 1997. Wave Propagation in Soils| M]. Beijing: Science Press: 14—26 (in Chinese).

. 1996. [1]. s 9(2): 128-137.



4 : P-SVv 639

Yang J, Wu S M, Cai Y Q. 1996. Characteristics of propagation of elastic waves in saturated soils[ J]. Jowrnal of Vibra-
tion Engineering , 9(2): 128-137 (in Chinese).

. . 1997 7. . 19(1): 29-35.

Yang J, Wu S M. 1997. Reflection and transmission of seismic waves at the interface of saturated soil[ J]. Acta Seis-
mologica Sinica, 19(1): 29-35 (in Chinese).

) . 2005. S 7. 2 24(2); 4245,

Ye CJ, Shi Y'Y, Cai Y Q. 2005. Reflection and refraction at the interface when S waves propagate from saturated soil to
elastic soil[J]. Jowrnal of Vibration and Shock , 24(2); 42—45 (in Chinese).

, . . 2000. Ll
» 28(2): 44-49.

Zhang Y K, Zan H P, Huang Y. 2000. Transfer matrix method for solving non-axisymmetrical dynamic problem in fluid-
saturated poroelastic half-space[J]. Jowrnal of Shaanxi Normal University: Natural Science Edition, 28(2); 44—
49 (in Chinese).

, . . 1999. [l .
19(1): 1-6.

Zhao C G, Gao F P, CuiJ. 1999. Boundary effect of wave propagating from liquid-filled porous medium to solid medium
[J]). Earthquake Engineering and Engineering Vibration, 19(1); 1—6 (in Chinese).

. . , . 1995, AR . 28(D):
66—72.

Zhong Y, Wang Z R, Guo D Z, Wang Z Y. 1995. Transfer matrix method for solving non-axisymmetrical problems in
multilayered elastic half space[]J]. Journal of Civil Engineering . 28(1): 66—72 (in Chinese).

) ) . . 2003. 1.
, 2006): 749-755.

Zhong Y, Chen J Y, Wang L., Li Y H. 2003. Explicit solution for dynamic response of axisymmetrical problems in multi-
layered viscoelastic half space by exact stiffness matrix method[J]. Chinese Journal of Computational Mechanics ,
20(6): 749—755 (in Chinese).

s . 2005. [J]. , 27(4): 374377,

Zhong Y, Zhao X L. 2005. Thermo-stress in multi-layered elastic half space solved with stiffness matrix method[ ]].
Chinese Journal of Geotechnical Engineering , 27(4); 374=377 (in Chinese).

Biot M A. 1956a. Theory of propagation of elastic waves in a fluid-saturated porous solid: 1. Low-frequency range[]J].
J Acoust Soc Am, 28(2): 168—178.

Biot M A. 1956b. Theory of propagation of elastic waves in a fluid-saturated porous solid: [I. Higher frequency range
[JJ. J Acoust Soc Am , 28(2): 179-191.

Corapcioglu M Y. 1991. Wave propagation in porous media: A review[ G]// Transport Processes in Porous Media NATO
ASI Series 202. Netherlands: Springer: 373—469.

Deresiewicz H, Rice ] T. 1964. The effect of boundaries on wave propagation in a liquid-filled porous solid: V. Trans-
mission across a plane interface[ J]. Bull Seismol Soc Am ., 54(1) . 409—416.

Kolousek V. 1973. Dynamics in Engineering Structures| M]. London: Butterworths: 20—50.

Santos J E, Corbero ] M, Ravazzoli C L, Hensley J L. 1992. Reflection and transmission coefficients in fluid-saturated
porous medial J|. J Acoust Soc Am, 91(4); 1911—1913.

Stoll R D, Kan T K. 1991. Reflection of acoustic wave at a water-sediment interface[ J]. J Acoust Soc Am, 70(1):
149—156.

Wang J T, Jin F, Zhang C H. 2013. Reflection and transmission of plane waves at an interface of water/porous sediment
with underlying solid substrate[J]. Ocean Eng, 63: 8—16.

Wolf J P. 1985. Dynamic Soil-Structure Interaction M]. New Jersey: American Society of Civil Engineers: 112—131.

Zhou F X, Lai Y M, Song R X. 2013. Propagation of plane wave in non-homogeneously saturated soils[ J]. Science
China : Technological Sciences, 56(2) . 430—440.



. 2009

. 2007 ; 2012
s 2015
2008
2008 )
( ) s
; 2013 s
. 1996 1988
s 5 2009 s
5 2003
. 2010 . 2007
5 s 5 2012
, 2012




