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Variation of Biot wave properties in fluid-saturated porous media
with decrease of skeleton-stiffness

Choro Kitsunezaki*

ABSTRACT

In this paper, various characteristics of the Biot waves in fluid-saturated porous media are examined
numerically and analytically based on the relations in the previous paper (Kitsunezaki, 2004a), whose nota-
tion is also kept here. The Biot waves mean elastic waves in the Biot theory (Biot, 1956), which consist of
two longitudinal waves ( - and Il -waves) and a transverse wave. The main aim of this study is to reveal
general variation tendency of characteristics of the longitudinal waves in wide range of sediments, typically
from consolidated stiff sandstone to unconsolidated loose sand, mainly in connection with variation of
skeleton-stiffness, which is represented by the velocity ratio in P-wave of skeleton to sound wave in fluid,
Ve/ V;. In the wave characteristics, special attention is paid to displacement ratios and stress ratios in fluid
to solid, as well as velocities and attenuation (logarithmic decrements). The both ratios are key factors to
understand propagation mechanism of the two longitudinal waves. Main points of this study are as follows.
First, general feature of the above properties is viewed as functions of frequency and skeleton-stiffness.
The frequency characteristics are examined for typical two models of media with hard and soft skeletons.
The properties in the low and high frequency limits are remarked to examine the effects of skeleton-stiff-
ness. Second, approximate expressions of the characteristics are derived for media with very low skeleton-
stiffness (Vpy/V;<1), which almost corresponds to loose alluvial sand, in order to clarify factors controll-
ing wave properties. Third, dynamic process in the media with very low skeleton-sjtiffness is analyzed.
Then the results are represented as schematic models of stress-strain relations which demonstrate clearly
the contrastive properties of I- and I -waves. In all examinations mentioned above, such a reciprocal rela-
tion between the two longitudinal waves is remarked as a useful general law, that the displacement ratio of
I-wave in fluid/solid is equal to the opposite value of stress ratio of II -wave in solid/fluid, where I and I
are mutually exchangeable.
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solid s | 3.708 3.120 2650 0.8414 0.172 5449 3431
fluid f 0.2222 (0) 1000 (0) (0.5) 1491* (0)
V=V,
Table 1(b) Parameters of porous media common to model 1 and 2.
Model m ¢ kgt;lma kgI;ZInE’ kgl;ms 1 V2 s/ Ry By a
1and 2 0.300 0.300 1855 300 2155 0.8608 0.1392 0.8414 1.122 0.05992

Table 1(c) Parameters of porous media proper to model 1 and 2, which correspond to sandstone and loose sand.

| OH V. Ve ¥
Model Ao a4 [22%] 012 T3 ‘ G Oy 1010 Pa m;s m;’; mjlé
1 0.2431 4.057 0.8926 0.0404 0.0265 0.2949 0.2232 2.302 3268 3211 2022
2 0.00243 0.04057 : 0.5037 0.2043 0.0878 0.9760 0.9736 0.6661 | 1758 321 202
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Fig. 1 Frequency characteristics of longitudinal waves

for the model 1.

f=frequency. f,=the characteristic frequency.
(a) Phase velocities V; and logarithmic decre-
ments [BA]}.

j=Tand II, corresponding to I- and Il -waves.
(b) Displacement ratios in fluid to solid: [U/#];

“°” =degrees.

(c) Stress ratios in fluid to solid: [s/o.];
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(a) Phase velocities and logarithmic decrements.
(b) Displacement ratios in fluid to solid.

(c) Stress ratios in fluid to solid.



310 WHIREE  £58%&%E 45 (2005)

(FE] 1U/ul (<1,

I B TOMBNOMIEZL, /=1 T TR%kERE
WA ZET OIS 5%, 12IZET (FEARIZH
M) Thb, DETITZENINIITIB0 GEM) TH D,

D2V, WgkmETL e | U/ulg>1 T,
HoZzok& 13, BERIIH T VIEFEESS, 13IZ—%
Thb, 12720, |UulfEEEE, BEDO TS5
K&,

(3) Fig. 1(c), Fig. 2(c) e iiRkigILIZ DWW Tid, #
NEFRORE#M I Y b, & LA Fig 1(b), Fig. 2(b) D%
NIRIELL & OBEPER SN b, 72k 21E, Fig. 1(b)
D 1 ¥ OEMIEIEIE, Fig. 1(c)® I KO HIRIELT
L, HEME=1 ZRATHHRTH S, FARIZTWROEN
RIS T OIS TIRIEH & T H B, HtdhA 5% E
BHTHAZ LIZEETDE, ZhBIKRD LD HEE
ELTEMTAS,

(8 Z] U/ 1->1 (22b)

|U/u) 1=1/18/0:| 1=l0/s|1

NS DIRMGHDBIFRITWIE LT, fAHEIIDWTY,
ROBBPRDOND

arg[{U/u] ; = —arg(s/o,] 1 +£180°
INLOBMRIIT L D 2ZMLTHIRY. TS, 22T

—arg(s/o.]=arglo,/s], exp[Lin]=-1
IZEET L, FRMRIROLICTLDONS,

(U/ul1=~lo/sly, —[w/Ulp=I[s/a,]; (23)

ZZTo [U/ul;, lo/s) (=1, I) i3b b5 ALNMM
EERELL L IEFERTH D, WLDHT L Id#
NEFRANEZ T IV, 22 TESE% I ETIRE
B, TERTERBE LD EIHIZFA L, ZOERICD
Wi, 3.2 THURN S,

3.2 BIEOEALICHE S Biot HiFEOT1L

(1) ko/ks (=mp/us) #ZALEE, 31TR S 7B
z, WHDPOHREANDLWELHOP TR LB LT
AL 7271, ¢=m=03FFDF TMHHFT L, 22
T, BEIFEEOKER, BREEOMBBES L &
DHTFE, TOLE, w/ w—0% w/ w0k V,
6), (1), M) i3t THMIL SN D, ZORMERHSE
PEROPREREOMEE L TRET S, MBRMEZE
L, PHEBEBBOREIINENIZIZIZHEETE
%o

Fig. 3(a) ICIE & O #E %, Fig. 3(b) ITI3%EM
R OIRIGH R R T, WRE S, Hia, Maidxsg
BOThHbH, BRYBIIFBETLoOBBCHI»LTw
b TOMSEH ) 720, =L A MHeE O AEICIE5
DRLEZRTEREED ST LA,

T [ O Ml ik 0 A A LB P K
B, 2F0 Va/ViThb, ZNOOFEESHEICIIEEE
KEIT, 2t anTnwb, #htEh, WEETIL LB
HETMIINT b0 ML S ORT IICALRETLS
75, M OEMABIZEEMESF L TRENTW S, Fl2
WET10 3 T OB MREELBE%RT S,

Fig. 3(a) TIZ#d D 10, T oo, N0, Dood I
2, HEMEARC SO, So b /RENT VS, TN HITHMED
KR, SEEmERREY FRT 5, 3T, EHEH
JE W RRAE, BRI AR E T 5o M (SiK)
O MEEOE M 21X, M (2004b) @ (66a) 3% H
(RYAN

Fig. 3(a) Tix, AMIOHEEIHEEMEDR Vi/V BT
KHRENTwE, Thid, Viedhhda2eT, kD
HEORE*WRTLZOTH L, REHBKROEED
b km/s AL CTHBEMONANIZERTH EN TV S,
VielZ Vig LD b DThRENETTHE, Va/ Vit
I EE LY AL 22, THERIEEWIZY,
FNHRRPKEV—FEMEIET L, HWIZVgoe=0Th2
Mh, DETIE VieZITICEET 5, Vie d®EIZV;
EDHAEL, LA V< VTl, Vies VsV
THb,

SEHEE (Vs) BfFIE, #L i m/k EOREITK
HT 5, LoL, Ve Ve h b b¥FhkE&wnin
SER BRI DD B,

(2) Fig.3(b)icBWT, HKimoHthh & DIAEAT1L
Iy REViIIAEMIRIEY | U/vl; ThHh, 1 X hH/h
SV IIRIBIE /0,1 TH D, 72721, RO
oW TIEMEILEIC1TH D

|U/M|10:[S/0'x|[|0=1 (243)

— 00, — Dotz [—] 2FHLAEEBLHLR
Twh, TRIIE{EENLREET, B2 1 U/ul;
A an: [—100] i22onwTlig,

[U/u] go=—1U/ul 10 (24b)

2FY, [—] &#F3T2ET(Uul;® [s/o:]; 3EDE
THAHIL53T, BEFRUINIENDETH 5, KE
W, BAKEOWBRO [Usnl); R [s/0,); \THIZEHKT
Hr, Pk, FORBLI»EBTELV, [—] &#
NEW ) EERETH S,

Fig. 3(b) CEFFEA SN A 01, MME=1%4/L
TORFLRGHMETH 5, BAAMIZIZ

IU/Mlnoo k‘. lS/O’x[ Jooy
[U/t] 100 & 18/0] 1o s

[U/ul go & 18/04] 10
[U/ul 10 & |8/0: 10

FIZOVWTHEI,rOOLNL, LPDTORIZIFTNTES
PREENTEY, #F(23)NOMKER % kD THEE
TH5LDEHR->TVD, MHREIIMBATRYICHEEHTE
b FHATRR (JUIF, 20052) TOHEEE TS,



I ;R AR 2 fURU RS BV B B G TIHE O F 12 E 9 Biot ditk % 311

10 km/s 100
* — 10 1
1 10
— 1
Vi/Vy B i
Vi | U/u |i<{\%%
~ 10 Ieo
0.1 . 1 = e i
i 1s/ox|,-4
N
0.01 L 0.1
i b= o0
2 B
0.001 ' 4 1 0.01 r
0.01 0.1 1 0.01 0.1 1
Vep/Vf Vpr/VF
(a) (b)

Fig. 3 Dependency of wave properties to Vp/ V).
Vp=P-wave velocity of the skeleton. V,=sound velocity of the fluid.
1 and 2=model types. m=¢=0.3 (assumed).
Vertical chain line=the state of dynamic compatibility.
(a) Phase velocities V;. i=jh; j=(1, 0, S), k=(0, ). S=S-wave. 0 and oo =the low and high frequency limits.
(b) Amplitude ratios: | U/x|;and |s/o,l;. Symbols with negative sign mean that the related amplitude ratios are negative.
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Fig. 4 Simplified models for longitudinal deformation of
fluid-saturated porous media with very low
skeleton-stiffness.

(a) Reference (unstrained) state.
(b) Strained state in I-wave.
(c) Strained state in II-wave.
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(a)

(b) ©

Fig. 5 Spring models of stress-strain relations corresponding to Fig. 4.

(a) General relations.

(b) I-wave at the low frequency limit.
(c) D-wave at the low frequency limit.
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OO & MooTid, 44)RKEH wu=—1/¢6 ThHb, L
72055 T, ppid(BGO9b)RIz L Y

pE=p—p2/d=p(1—y;) (66)

FREDHEMR T (58a)NIEA T 5 &, WMIKIKETD
DEEEFROOND, INE—HERLT S !

10: (/f=0T)  lugel—0 (672)
o N D) CRN L
1e: Voo [ e (670)

6Th) AT ERET L L, BOb)HIz—%T 5,

WECKEE T V9o 2B T 5 ERDH R ITEROHE
HERTHD, TIUHAKEIES LAV, 200
Vie d VsiZ#FEWH D2 5 (Fig. 3(a)BH), 7277
L, WEORFRE w/ky KT 5,
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e L7 FLMABEUTICRT, (22X, TED
RJERHRZ 10 EEE 5 5)

(1) HEWOEE VIiImA/BROENM Ul & %
WCEHET B, BEOCEEEMHOL LTI, THRITBEEK
RS F U/u=1 OBIMEIRIRE L 25, 1ooTidEN
LV LEELRS, Uu<ll, 88%s Uu>1 45,

2) IHomE/ERo [ 1Tk ER/A
O [IeJik] OMFFHEICE L, &) AR DK
V¥ b, TITC, [EAI] & Tsalk] 35cHafagc
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(3) KEFERE (GMERBRER) OIREEE, BEETO®H
FRAKRE (#kE) & L OEMTE %, BB OMEEE
HIZDWT, FRCEEL KRR L, MR KEA BV,

(4) HERBTOMEOIT-EAEGRE, NAETN
THRLZ. BEUREHADIE G T ETRM, 0% Tl
Thbo B/ A (HEHMER) LA/ h (RREHIER)
g, TETREINI LIER], TH TIIAERICH I
LEFIE 25 (BBIZIZI0, T07T), ZhrHmaERET
PMET D, [ERTIRELNELRFIEROTARIZITIZZ
NDEFEESNLHY, THETRPOEE NN RICKEE
N, AN ISR BRI LRVIZE £ B,

(5) MLEORFFICL o C, ZFLEHE (FFICHhERB)
BT A EEREEEROMEIFREL LT %o
2o REHBOEZRIZBWT, BB T VIZEHTE
MEFRERBEITTH D,
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,=—iw(Hu+Cw)/v; 1,=—iwv(put+pw) (Ala)

,=0,+S$, w=U—-u, C=Q+R (A1b)

ZITR, BEERETRGEIORLIERERELTVE
B, NANTHAMEMEN (Hitkkss, HEMKS) 130
2 %o

(Ala) Wiz0A 5 RD & 9 % - - i HIBIER A E AN o

(0/Ve)e=1+acw/u)/(1+yw/u); (A2a)
oc=C/H=013100n=0¢0,,  y2=¢p/p (A2b)

(A20)3012 X B &, wudv/V, % HBETH, FDHEHH
I (2005a) 12EED, S TIRROEBRICOAEE
$5

w=0 P oc/y.=1 %5, v="V, (A3)

ac/y2=113(25) XD 2~3 WOMBRIZEHT S, (25)
KOMOIDOEXRER D (5b), (120) ik hEHhn 5,



