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Abstract 
A modification of Biot's pornelastic differential equi~tions is made to include nrarrix-fluid 
interaction m e c h ~ i s m s  which assume n solid-fluid relaxation hnction coiipli~ig cc~eflicient. 
Vulucs of physical propcrtics of scdi~iicnts n.rc incorporuted'into cqilationswhicl~ dcfinc phnsc 
yelocity nnd attei~uatibn for pcirous media which are dependent on the co~~posi te  densities of 
various medin (silt, and lnediu~n and coqfse sand). The results enable us to coinpare tlie 

.atenuation and velocities of,waves in these media. We observed that the densityof coarse' 
snnd is greatei than that df medium sand md this in t.um is greater thmi that of silt--the sariie 
holds-for the velocities of P-waves in these media but the situation is converse Ibr shear waves 
in the same given nedia. As the densities ofthe media increhse, their attenuation decreases as 
it w;rs found that the uttenualion of silt is the highest aod that of coarse sand lowest for the 
media considered. ' - ' . . . . 
Keywords: Biot theory, phase veloc:ity, altenoatioll, porous media 
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1. Introduction relaxation function based on 'the rtandard linear solid mode. 
The introduction uf memory variables' for avoitling the time 

The concepts of porous media I?aVe a!:ractcd a grent rlei~l of convolutions yiclds a sct of first-ordcr diflcrcntisl equations. 
attention in recent years. The.upplication covers a vuriet), of for dynnniic pc)roviscoclast,icity jilarcione 1998). 
fields, f ~ n i  physics rd geophysics, engineering, soil mecllwics According to Gurevrch (1996). the value of porocl;istic 
md underwater acoustics. In,pariiculnr, in the exploration of wave mo+lling is unclear without comparing its results to the 
oil and gas reservoirs, it.is important to.prediot the preferentinl correspondi~ig sin~ulation bnsed on single-phasc- modelling. 
directions of the fluid Row. These ar! closdy related 10. the ' This is pl!rticuliirly important in the seis~iiic range where' 
permeability of the ~nediuni and consequently to tlie geb~netric poroelitic effects are relatively small.' However, Gurevich 
chamcteris~i'cs of.the skeleton. and Lapotnikov (1995) have shown that attenuation levels 

The wave propagation properties of synthetic porous and velocity-dispersion measurements can'be explhined.by the 
mediasuch as sintered glass beads were successfully described combiiied effects itnd energy transfer between wave ~nodels. . 
by Biot's theory of dyei~mic ,poroelasticity (Biot 1962). ' This work compares the attenuation and phase velocities 
Discrepancies, between Biot's theory and measurement are in ditrerent meclia(silt.-medium and coarse sand) which largely 

, due to complex pore shapes, which a1-t not present i n  simple depend dn their composite densities. 
' synthetic media or in natural porous media such as sandstone The objective ofthis work is to verify theetywt of porosity 
.(Gist 1994). This complexity gives .rise to a variety o f ,  of media vis-his their composite densities on the phase 
matrix-fluid htemctions which contribute to the attqiiuation velocities and the attenuation of waves, layi~lg etnphasis on 
of different wave modes.. Different matrix-fluid attenuation silt, and niediu~n and c o m e  sand. The rtsult of the work done 

. mechanisms are introduced into Biot's.theory by subslituting by Carcione. (1998) was used as a reference in tile application 
the fluid-solid coupling. modulus' with u timetdependent to di tTerent media. 

. . 
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~odcllin~ cffcelivc rkolugics for vircoclsslic porous 111cdiu with ~pplicalion lo sill. and mcd~ctm and coarse sand 

Data from the phase velocity and attenuntiol! against 0,:s 

log of fnquency (for water and gas) have been extrapolated 
(tables4 and 5) and plotted (figures I a1id2), and an attempt has 
been mahe to ~al~ul i l le  the p l k  values as obtained by Carcione o 2s 

'1 998). The same set of equations have been itred ti, deterniine 
composite densities, phase velocities and attenuation for silt. ,t,, "" G 
and pediu~n and course sand, and these are later compand. 11.15 .. 

2. Theory 
1b.01 

The constitutive equations for am lnhomogeneous isoh-opic 
11 . - 

medium under plane strain conclitiotls :Ire given by (Biot and 1 2 I 4 5 1, 7 

Willis 1957, Blot 1962) LJX(:(~ (RI) tur wittcr 

here T,,; T,, aird T,, are the total.stress components, P is the 
fluid pressure, V ancl q are the solid and fluid (relative to the 
solid) piuricle velocit~es and S,, S,. S,, and Sf are tlie external 
sources of siras, for the solicl and the fluid, respectively. The 
subscript x denotes 5. Thc clartic cocfficicnts arc pivcii by 

where K,.; K, and KI.  am the bulk tnoduli of the drained 
matrix, solid ancl fluid, mspecrivtly,~ is tly porosity and ~ c .  is 
the shear modulus sf the drnined (and saturated) matrix. The 
stiffness E is ihe P-wave modulus of-the dry skeleton. M is 
the coupling modulus between the solicl and the fluid, and w is 
the .proelastic coefticie~t of effective stress. 

Since the Huid is viscous, rhe motion is not insranra~leous 
and aiergy dissipation occurs. Skeleton-Huid mmbanislns ~ r t :  
nlodelled by generalizing the coupling modulus M to a time- 
dependent relaxtrtion function. We pssume that E and p are in 
general independent. 

The term ME in (1 ), (2) and 14) is replaced by where 

where H ( t )  denotes the Heaviside function 

and TEI. and Tar. denore sets of relaxation times. Equrtian (10) 
Corresponds to a pamllel connection of standard linear ~olid 
clemants. For h~gher Frequencies (t = 0+). 9 = A4 

Figure 1. Plot o f u ] ~  versus L0gC.f) for water (Carcione 1998). 

Figure 2. Plot of up versus Log( f )  for gas (Carcione 1998). 

Tiible 1. Valueq olclensity, attenuation, velocities of P- and 
S-wnvw for coarde ssand. medium sand and silt. - 

Symbol (unit) Coarse s11nd Mediutn srri:tl Silt - - 
(kg cn-') 2155 1990 ' 1907.5 

@,(dB) 2.18 3.06 3.66 
C,, [m S-') 2205.1. 2206.9 1827.4 
C, (111 s-I) 975.70 1U30.60 1046.0 

:IS in single-ph:~sc viswelastics. in order to avoid the tiwe 
convolutions. 

The poroviscoelastic equations of niotiol~ are ( ~ i o t -  
Newton dynelnic equations; see Biot (lP62)) 

where . 

is the composite density anti ps and p l  am lhc solid and lluid 
densities, respectively. 
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J A Olowofcla und J A Adcgokc 

p h l e  2. Physical properties of silt. medium .sand and coarse smd. 

Physical propenies Symbols (unit) Silt Medium sand Coarse sand 

Kinenmtic viscosity 
of pore Huid V (m2 K t )  I .O x 10' 1.0 x 10" 1.0 x 106 
Pemieability Ks (1') 1.0 x 1.a x lo-tu 1.0 x LO-' 
Porosity 4 0.45 0.4 0.3 
Added masq coeficinit 
of skelerot~ frlme A 0.25 1 I . l i  . 0.25 
~ynntiitc shear tnodulus 1 . 0 ~ 1 0 ~  511x111~  1.0 x IOU 
Coulomb specific loss 
in the frame fib' a.02 . 0.02 0.02 
Pi>iwonk ntin of 
.&eletal franie N 0.3333 0.3333 0.3333' 
Bulk cnodulus of fluid KI (N mm2) 2.3 x 10' 2.3 x 10'' 2.3 x IOY 
Bulk tnodulus of frrune 
muteriul K , ( N k 2 )  3.6xIOU 3 . 6 ~ 1 0 "  1.6xIOY 
bnsily OC nuid ,~~(kgrn-') 1 . U x l d  l.OxlO1 1 . 0 x l d  
Density of gnin 
niaterial p, (kg rn-') 2.65 x Id 2.65 x I@ 2.65 x k05 

lhble 3. Material properties of the single constituents. 

Solid Bulk mnodulucl. K, 3.5 x 10' N ni-' 
hetisity, 26 650 kg m-' 

Matrix Bulk modulus, K,, 1.7 GPn 
Sheur modulus. N 1.8555 GPa 
Potasity qb 0.3 
Pe~iiienbility. K LD a 1 darcy 
Tortuosity. T 1 

0;s Bulk modulus, K, O.022 GPa 
Density, p, LOO kg 1n-) 
Vismcily, qR 0.015 CP 

Water Bltlk modulus, K; 2.4 G h  
Density, p,, 1000 kg m-' 

where f' denotes the liequency and i = f l .  
The phase velocity c is equal to the angular frequency 

10 = 2r f div'ided by the real wuve number. Then 

c.* = ( R e  (&))-I 

Vi*cocity, I),,, 1 CP 
where ,Re derioles tlie real' part. Followitig Duttn ant1 Ocle 
( 1983), we delrtle Lhe etteiruotioti cc,efficicnts 1s 

where cu denotes the angular ti-equency. The relaxation times 
can be expresred in ternis of n Q-factor, QoL, and'n reference 
frequency, J;,L, i ~ s  

and where lm cluio~es the imaginary pilrt. 

(I7) 3. Results.and discussion 

The velocities of 'the. fast (+ sign) m d  slow (- sign) Wave vclocitics and attc~iuation wcre computed by first 
colnprcssional wnves and shear wavar nre given by computing the values of porosity 4 from table 1, in which 

the corresponding values pE composite densities froin which 
A f ,/A' - 4M,Epcp 

v/k = (18) the velocities a id  the attenuntion were calculated for dityerent 
2pc.P media using equations (231, (24) and (26) are given. 

and Tile results obtained for the various panmeters of interest' 
. N ure shown in table 2. v,' = - 

Pr 
(I9) The determini~tion of ihe wave velocities ancl attenuation 

rn porous metll:~ wcre considered, i.e. slit, medium sand and 
cciarse sand, which iue necessary to detennitle the level of 

(20) . energy loss for each of these medin. 
The results of this work for the considered media nre in 

(2 ngreelnent with Lhe previous work of Carcioar: (19931 in wh~ch  
silndstone was considered. In the work of Cnrcione (1993) for 

where . 
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Modelling cffcctivc lhcolng~cs Tor v~scoclas~~c porous I cdiu wcth pppl~c~~t~oo to rtlt. und rnctl~i~rn inid coursc uand 

n b l e  4. Extmpolated values of characteristic curve of nttenu.~tion In this wclrk the velocrt~es of P-waves lor silt, lnediu~n 
=,. versus Log(f) (&In) for wnter (Corcione 1998). sand and coarse snnd are 1827.4 m s-I, 22060.7 m s-I. 

. (dB) (wmd Log(1, (HZ) ( d ~ )  (water) L-,~(J) ( H ~ )  aid 2208.11ii s-I, resyctiuely, wh~le that ot S-waves was 
obtained to be 1046 O in s-I, 1030.6 111 s-I ar1cl975.70 111 s-I, 

0.000 1 00 0.290 4.55 
1.20 0.3 10 4.65 

respectively. ' 
0.000 
0.000 I .40 0.320 4.70 The vnlues of velocities for these 111eclia are grently 
0.00 1 1 .XU 0.340 4 80 influenced by rhe~r composite densrtres tor ~iundstone filled 
0.002 1.92 0.350 4.90 w~th water. 2155 k g ~ n - ~ ,  ssllt, 1907.5 kg 111-~. ~nedium sand. 
0.002 2.15 0.330 5.00 1990 kg m-\~~ncl coarse sand, 2155 kg ~ n - ~ .  
0.003 2.30 0.3 10 5.06 
0.004 2.50 .0.290 5.10 
0.005 2.70 0.264 5.18 4. conc~lls iol l  
0.003 2.90 0.265 5.20 
0.012 3.10 0.245 5.22 In this work, Biot's theory has been estencled in order to 
0.020 3.30 0.225 5.28 

3.45 0.210 5.30 
incluclc thc relaxation mcclituiisni aristng lrorn gram-tlurd 

0.028 
0.030 3.60 0.195 5.38 interaction in which silt, medium sand and coaise snnd filled 
0.050 3.70 0.178 5.40 with water have been investigated. 
0.065 3.80 0.158 5.48 The values ofrheporosity ofcoarsesancl, 0.3, and ~nediurn 
0.080 3.W 0.140 5.49 snml, 0.4, are the n~iljorcletennionntsof the co~iipositedeiis~ties 
0.100 4.00 0.120 5.58 

4.05 0.1 10 5.60 
tlf these media Comse said, being more pol-ous, has the 

0.1 15 
0. I31 4.10 0.090, 5.68 highest dens~by ,mil silt, which is fine grarncd h;ls rhe lowest 
0.150 4.15 0.070 5.70 deriscty of the conhiderecl rnedia. 
0.165 4.20 0.060 5.78 Table I clearly shows that the Inore coalse the gmin,  he 
0.180 4.25 0.048 6.00 greater the derlsrcy 111 kg m-' and ~t decrenses In the Follow~ng 
0.200 4.30 0.030 6.15 

0.020 6.30 order: coarse silncl, medium sand and silt. The velocit~es of 
0.220 4.35 
0.230 4.44 0.012 6.50 P-waves increase with cqlnposite density. Conversely, rn 
0.25'2 4.48 0.0 10 6.68 ihe case of S-waves, the velocities of S-wnves decrease with 
0.270 4.50 0.005 6.85 co~iipos~le denh~ty We shoulcl recall that shear waves cannot 

" 
pt opagare through ordmury flitid and gas; perh,~ps th~s  propet ty 
tnigl~t be one ol' Lhc masans for this behaviour. 

Table 5. Extrapolated values of clinrncteristic'curve of attenuption Moreover. .the atlenuarion of shear waves was also 
a,, versus Log(I(') (HZ) li31 gus (Carcione 1998). 

cons~clerecl, anrl it was observed that it Increases as the dens~t~es  
u (dB) (gas) Lrg(f) (dB) (gas) Log(fl (Hz) ol' the 111edin clccrcase and is In agreement wrth the availilble 

%O 1 . O I  0. LOO . 4.10 literatdie. 

0.000 1.20 0.080 4.12 

slundutflne filled with wnter the wive velocities for  P- ;~nd S- 
waves arc 2205 m s-' and 928 111 s-', respectively, while the 
attenuation of shear waves is given as 2.044 dB. 
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