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A theory of compressional and shear wave propagation in consolidated porous (noe#& is
developed by extending ideas already introduced in connection with unconsolidated marine
sediments. The consolidated material is treated as an elastic medium which exhibits a specific form
of stress relaxation associated with grain boundaries and microcracks. The stress relaxation, which
is linear in the sense that it obeys superposition, shows hysteresis, as characterized by a material
response function. Two linear wave equations are derived, one for compressional and the second for
shear waves, from which expressions for the wave speeds and attenuations are established. In both
cases, the attenuation is found to scale with the first power of frequency, consistent with many
observations of attenuation in sandstones, limestones, and shales; the wave speeds show weak
logarithmic dispersion. These expressions for the wave speeds and attenuations satisfy the Kronig—
Kramers dispersion relationships, as they must if the response of the medium to disturbances is to
be causal. Some comments are offered on the nature of the material response, notably that it appears
to be primarily associated with grain-boundary interactions occurring at a molecular level, rather
than being related to the macroscopic properties of the material, such as density or porosity.
© 1999 Acoustical Society of Amerid&0001-49669)02106-3

PACS numbers: 43.20.Jr, 43.30.Ky, 43.30.Ma, 43.35.DEC]|

LIST OF SYMBOLS v particle velocity
Cp compressional wave speéah/s) p density fluctuation
Cs shear wave spee@n/s) () velocity potential, compressional wave
Cpo compressional wave speed in absence of inter#s(t) velocity potential, shear wave

granular stress relaxatidm/s) A(t) vector potential
Ceo shear wave speed in absence of intergranulat’ (j ) Fourier transform of/(t)

stress relaxatiofim/9) V(jw) Fourier transform ofjg(t)
ap compressional attenuation coefficignepers/m  h(t) compressional material response function
ag shear attenuation coefficiefiepers/m hg(t) shear material response function
Bp compressional loss tangent H(jw) Fourier transform oh(t)
Bs shear loss tangent Ho(jw) Fourier transform ohg(t)
Qp quality factor, compressional waves n compressional material response exponent (0
Qs quality factor, shear waves <n<l)
Xp compressional dissipation coefficient m shear material response exponent({@<1)
Xs shear dissipation coefficient N fractional porosity
m dynamic rigidity modulus of skeletal frame Po bulk density of medium
Mp compressional stress relaxation rigidity modulus p; density of pore fluid
M shear stress relaxation rigidity modulus Ps density of mineral solid
® angular frequency K bulk modulus of skeletal frame
t time K bulk modulus of medium
p pressure fluctuation Ki bulk modulus of pore fluid
S particle displacement Kg bulk modulus of mineral solid
INTRODUCTION pore fluid can move relative to the skeletal mineral frame,

and found that two compressional waves are admissible, the

A theoretical treatment of compressional and shear waveo-called fast and slow waves, as well as a shear wave. The
propagation in saturated, solid porous media such as rockast wave corresponds to the situation where the pore fluid
and consolidated marine sediments was developed in twand the solid material move essentially in phase, whereas
classic papers by Bidt? Essentially, he considered that the they are in opposite phase in the slow wave. Although the
slow wave is a propagating wave, it is very heavily attenu-

dAlso affiliated with: Institute of Sound and Vibration Research, The Uni- ated r_ela_tive to the_fast W_aV€_- ) ) )
versity, Southampton SO17 1BJ, England. Biot included dissipation in his theory, which he attrib-
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uted to viscosity of the pore fluid. As with any viscous me-mineral frame are assumed to move together, which leads to
dium, this gives rise to an attenuation coefficient that de-a significant simplification in the theoretical development.
pends on frequency, scaling ag? at low frequencies and as This situation is, in fact, a special case of the Biot theory.
2 above some threshold frequency. Correspondingly, hi€learly, the slow wave could be included in the analysis by
wave speeds are dispersive, increasing‘&sat higher fre-  adopting the full formalism of the Biot theory, but with the
guencies. Dissipation associated with the mineral frame, ocrew grain-boundary stress relaxation mechanism replacing
curring for instance at grain boundaries, is not included inthe viscosity of the pore fluid. From a practical point of view,
Biot's original model. this more general approach would not lead to significantly

The question of the frequency dependence of the attenudifferent properties for the two primary waves, the fast wave
ation coefficient of waves in rocks is of considerable interesend the shear wave, which is why it is not pursued here.
to the geophysics community. Many measurements of at-
tenuation have been performed, bathsitu and under labo-
ratory conditions, which provide strong evidence that the | THE EQUATION OF MOTION
attenuation scales essentially as the first power of frequency,
f1, over the very broad frequency range from %0to The analysis of wave propagation in a consolidated po-
10" Hz.* A discussion of these attenuation measurementgous medium developed below follows lines similar to
including a bibliography, is given by Johnstetal® It has  Buckingham'$*° treatment of waves in unconsolidated ma-
also been reportéd that dispersion is negligible in rocks up terials. Now, of course, the elasticity of the mineral frame
to frequencies as high as 1 MHz, that is, the wave speed #ust be included in the analysis, which is the main departure
essentially independent of frequency. from the previous theoretical developments.

These experimental observations are not in accord with ~ The porous medium is treated as(macroscopically
the predictions of the Biot theofy? The disparity stems homogeneous, isotropic elastic solid with shear modydus
from Biot's assumed loss mechanism, the viscosity of theSince the elasticity is associated exclusively with the mineral
pore fluid. Two alternative dissipation mechanisms are inframe, u is independent of the properties of the pore fluid.
trinsic loss in the minerals constituting the skeletal frame,Thus, if the pore fluid were removed and replaced by a
although this is almost certainly negligible, and some formvacuum,u could be measured directly using a standard labo-
of dissipation arising from the relative movement betweerfatory technique. In fact, the shear modulus of most rocks is
grain boundaries or crack surfaces. The latter type of dissi@lready available in the literatuf€.in setting up the wave
pation cannot be identified as Coulomb friction, since this isegquations, it is implicit that elements of volume are being

a nonlinear mechanism for which there is no evidémtehe ~ considered in a way which is standard for a homogeneous
very low level of strain(10° or less associated with wave Medium. The dimensions of such volume elements are as-

propagation. sumed to be small compared with the wavelengths of inter-
The purpose of this article is to develop a theory ofést, but Iarge.in rellation to the size_ of the pore;. For_ most

seismic wave propagation in consolidated porous materialgranular _medla of interest here, this treatment is valid for

in which the dissipation, although arising from the relative frequencies below several hundred kHz.

movement of grain boundaries, is distinctly different from 10 Pegin, suppose that all dissipation is neglected. The

Coulomb friction. The loss mechanism in question was in-COMPosite material may then be treated as a simple elastic

troduced recently by Buckinghd™! in connection with solid, the(linearized equation of motion for which {¢

wave propagation in unconsolidated marine sediments. The s 4 _
new mechanism, which is strictly linear in that the principle ~ poz =| k+3u |grad divs—u curl curl s, (N

of superposition is obeyed, takes account of stress relaxation

occurring at grain-boundary contacts and leads to an atteniitherepg is bulk density andk is the bulk modulus of the
ation that scales almost exactly as the first power of fremedium,t is time, and the vectos is displacement. When
quency and a phase speed that shows weak logarithmic dif1e displacements are small, as is the case with wave propa-
persion. Both features are in accord with observations iation, the velocityy, can be expressed as the partial de-
saturated sediments and in rocks. Moreover, the predictedvative of s

phase speed and attenuation satisfy the Kronig—Krafmtts 95

relationships, which must hold if the medium is to be causal, ~ v=—, 2

regardless of the physical mechanism responsible for the

propagation. and the equation of motion can be expressed in terms of the
An interesting outcome of the Biot thedryis the pre-  Vvelocity as

diction of the slow compressional wave. Such a wave has pry

grad divv—gu curl curl v. 3)

been observed under controlled experimental conditions in poW=(K+gM
consolidated porous media consisting of lightly fused glass

beads saturated with watér!® In unconsolidated media, it Turning now to the question of dissipation, the stress
appears that the slow wave is either absent or negligile. relaxation terms are formulated exactly as in the treatment of
Since the slow wave is very difficult to detect, even in con-compressional and shear waves in an unconsolidated
solidated media, it is neglected entirely in the present analymedium®® Thus, the full equation of motion, including stress
sis. In effect, this means that the pore fluid and the skeletalelaxation terms, is proposed as
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. equivalently, an attenuation that scales as the first power of
grad divy—pu curl curly frequency, suggesting that the granular media may show the
same form of stress relaxation as the plastics, nanely,

v,
Po o2

L4
K §,LL

+\¢ grad div%[h(t)@y(t)]

4 p 1. WAVE EQUATIONS
+37¢ grad div[hy(®v(t)] The equation of motiodEq. (4)] may be decomposed
into two wave equations, one representing compressional

J and the other transverse disturbances, by expressing the ve-

7. curl curl at [h(®@vv)], @ locity as the sum of the gradient of a scalar potentialand

the curl of a zero-divergence vector potentfal For shear

where h(t? and hy(t) are materlal response funcuons for waves of vertical polarizatior itself may be expressed in
compressional and shear disturbances, respectively, and tﬂﬁms of a scalar shear potential

symbol ® denotes a temporal convolution. The stress relax- The argument is fairly standard and is the same as that

ation terms in Eq(4) will be familiar as representing viscous followed by Buckinghant® except that now the elastic terms
losses when the response functions are Dirac delta 1‘unctionﬁ1ust be included in the equations. Rather than repeat the

since 5(t)®\-/(t):¥(.t)' In this special casey a}nd A details of the derivation, the resultant wave equations are
would be the coefficients of shear and bulk viscosity, respec:

. : N . o simply stated here:

tively. Now, viscosity is simply a form of internal friction

that arises when layers of a fluid medium slide against one,, 1 &#¢  N\¢ 9 _,

another. In such a medium the stress and strain rate follow * Ezp_o s pOCpo EV [(h(®¢(t)]

each other instantaneously. By extension, the convolutions in

Eq. (4) may be thought of as representing a generalized vis- " 49

cosity, or internal friction, that occurs in granular materials 3poc§0

as particles move in relation to one another. In this situation,

the stress—strain rate relationship depends on the history of

the loading process, as represented by the response functio®d

h(t) and hg(t). With appropriate forms for the response 1 Py

functions, propagation behavior is obtained that differs sigV2y— — —5 +

nificantly from that encountered in a viscous medium. Cso It
Although the stress relaxation terms in Ed) are pos- =0 (sheay. (8)

tulated as representing dissipation and dispersion associated . )
with the relative motion of grain boundariésin granular N these expressionsy, andcy, are, respectively, the phase

media, we still consider the material to be homogeneous angPe€ds that the compressional and shear waves would have if
continuous as far as the wave analysis is concerned. This [§€ Stress relaxation were somehow turned off. Thysand
consistent with the fact that the wavelengths of interest ar&so aré given by the usual expressions for an elastic medium

very much greater than the size scale of the heterogeneities /K+ ™
3
C =
pO

%Vz[hs(t) ®(t)]=0 (compressional
(7)

e J

2
Pocgo ot \Y [hs(t) ® d/s(t)]

in the medium. As in the theoretical treatment of compres- 9
sional and shear waves in unconsolidated mateffatae Po
response functions are assigned the forms and
to ' M
h(t):u(t)t—n, 0<n<1, (5) Cso= e (10
and As discussed below, the actual phase speeds differ &igm
_— andcgy because of the effective stiffness introduced into the
ha(h) = uft t 0<m<1 6 medium by the grain-to-grain stress relaxation mechanism.
s(y=u(t) tm m=1. 6) It is important to note that Eq49) and (10) are ex-

) ] pressed in the time domain, implying that the various elastic
where the unit step functiony(t), ensures that the response g dissipation coefficients appearing in these equations are
of the medium is causal. The temporal coefficieRtandt;  eq| constants. That is to say, these coefficients are not per-
maintain the correct units of inverse time for the responseyiited to be complex nor may they show any dependence on
functions, giving the convolutions the dimensions of V3|OC'frequency.
ity, as required. To convert to the frequency domain, the wave equations

The choice of an inverse-time power law for the re- st he Fourier transformed with respect to time. The result-
sponse functions is not entirely arbitrary. Certain polymencing reduced wave equations are

materials exhibit a form of stress relaxation that varies as _
t~", wheren is positive, and in fact such behavior has been 2 w Jow . 4 . 2

s ; . X + =V +—F] +3 =
empirically represented by Nutting’s equatitit’ As with vaw cgoqj pocﬁo[)\fH(Jw) 37 @) V=0,
granular materials, the polymers also show a consggfiter (11

2
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and

w
w2 . ars=—Im[1+( jot) Myl Y2 (21)
VW + — Wt jo— Hy(jw)V2¥ =0, 12 0
Cso PoCso These expressions for the phase speed and attenuation are

wherej=\—1, wis angular frequency, andi{,¥) are the ~ €Xact, since no approximations have yet been introduced
Fourier transforms of the compressional and shear potential@part from linearizing the equation of motjorNotice that
(4, 49). The transforms of the response functiors, ) in the low frequency limi{w—0) the phase speed reduces to

are the following standard fornfé: Cs, the speed in the absence of stress relaxation, and the
I'(1-n) attenuation is zero.
H(jow)= ———1=, (13 Sincemis small compared with unity, the expressions in
(Joto) Egs.(20) and (21) may be accurately approximated to first
and order in m Based on an argument described by
o) I'(1—m) » Buckinghant'%the results are
sUw)=="—"1"m, m
(Jot) e ooV oxg 1+ 55 o]ty (22
wherel'(...) is the gamma function, which is essentially unity Xs
whenn and m are very small numbers, as is the case forand
granular media. mar Xs ||
By substituting Eqs(13) and(14) into (11) and(12), the S Tty )™ c’ (23
reduced wave equations may be expressed in the form
w2 Thus, to this order of approximation, the attenuation coeffi-
V2 + — , . - = —— V=0, cient scales as the first power of frequency and the phase
Cpol 1+ (Joto) "xp+ (j wty)™(Cs0/ Cpo) “Xs] speed shows very weak logarithmic dispersion, both in ac-
(15 cord with observations of wave propagation in roék3.
and Now, the attenuation may alternatively be expressed in
w2 terms of the loss tanger,, representing the imaginary part
VAt — T (ot Vs=0. (16)  of the complex wave number relative to the real pag,
Cool 1+ (Jwta)"xs] =1/2Qg, whereQyq, is the quality factor, a parameter that is
where the dimensionless coefficients and xs are commonly used as a measure of attenuation in rock geophys-
AT(1—n) Ay ics,) It is easily shown that
Xp_ pOCSOtO - 3p0C’2)0 (17) _ aSCS% m Xs (24)
S l
and w 4 1+ xs
7T (1—m) s from which it follows that the wave speed in E§2) can be
Xs= 2 =—7. (18 written as
PoCsoly PoCso
2s
Notice that these expressions define two new coefficignys, Cs™~ csox/1+—)(s 1+ W In(|wl|ty) |. (25
and g, which are stress relaxation rigidity moduli describ-
ing the additional stiffness of the medium that arises fromSimilar results hold for the compressional wavé:
the grain boundary interactions. N (Xpan/4)+Xs(m77/3)(Cso/Cpo)2 26

P 1+Xp+XS(4/3)(CSO/CpO)2

IIl. WAVE SPEEDS AND ATTENUATIONS and

4
The phase speeds and attenuations of the compressional cp~cy \/1+Xp+§

and shear waves are easily deduced from Eif.and(16),
and in fact the former has already been discussed at some

2
2) ;
S
Cpo

2B 2B
length in this context by BuckinghafrSince both equations X1+ P7p |n(|w|to)+57p In(lo|ty) |, (27
have exactly the same form, only the latter is addressed here S
in the interest of brevity. P:[1+4mXS<@) } 273
The solution of Eq(16) for one-dimensional shear wave 3nxp\ Cpo
propagation in the«-direction is 3Ny, [ Cpo! 2] 2
S=[1+——B 2] | . (27b)
. 4mys\ Cso
V=W exp—j - m | |, (19 . .
CsoV1+(joty) xs These results for the phase speed and attenuation pairs are

whereW, is the amplitude of the wave. It follows that the nteresting bec_ause4they satisfy the Kronig—Kramers rela-
phase speed is tionships identically?* which is required if the response of
. _ the medium is to be causal. Although the question of causal-
— m 1/2
Cs=Cso/RE 1+ (joty)xs] ™ (20 ity is important in connection with pulse propagation, it has

and the attenuation coefficient is long been an unresolved issue in the context of materials
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which show an attenuation that scales as the first power dv. EVALUATION OF THE GEOACOUSTIC
frequency?® Buckinghant however, has shown that the im- PARAMETERS

pulse response of a dissipative medium of the type described . .
above is strictly causal; that is to say, no anomalous behavior EquaU%ns(Zéz tott(31) 1‘th the cotmprtessmrlwal fand sgelgr
is observed in the received pulse around the origin in time,Wave speeds and atienualions contain two efastic moduli

If the weak frequency dispersion is neglected, the Wav%‘é ’nf;g/r z:‘rfk?: Leg?;(l?;iorgaﬁgﬁgfer_‘:ﬁé \fgslu?as mc));‘ 3?: :)Z?k
in Eq92 2 i 0
speeds in Eqs29) and(27) are approximated as modulus and the density may be derived from straightfor-

4/ can) 2 ward arguments, but the remaining five parameters are rather
sO e .
Cp~Cpo 1+Xp+§ | Xs more difficult to evaluate, for reasons discussed below.
po The density,pq, is simply the weighted mean of the
K+§[,u+,up+,us] densmes_ of.the fluid and mineral components constituting
= , (28) the medium:
P
° po=Nps+(1=N)ps, (32
and where ps and pg are the densities of the pore fluid and the
— mineral solid, respectively, and is the porosity of the ma-
KT s terial. The bulk modulusk, of the porous medium depends
C~CeqoV1+ xs= . 29 T )
s s0 Xs Po 29 on the bulk modulus of the mineral solid,, the bulk modu-

lus of the pore fluidky, and the bulk modulus of the evacu-
The loss tangents in Eq24) and(26) can also be expressed ated skeletonk. Based on the assumption that the skeletal
in terms of the stress relaxation modudj, and us as fol-  frame and the pore fluid move together, Gassriadarived

lows: the following expressidif for the bulk modulus of the me-
(Mo Mpse) dium:
w u )7 — _
P73 [t s p+ +S ’ (30 e ks (33
[+ 3(putpptus)] K= Ks ket Q' q N(ks— ki)
and The concept of a “frame bulk modulus” has been em-
ployed by Gassmarfand others to account for the “soft-
3 _mT o ps 31) ening” effect on the overall bulk modulus of the contacts
=

between grains. If the cementation forming the contact re-
gions were as hard as the grains themselves, then the frame
In the absence of a skeletal frarfiee., u=0), Egs.(28) to  bulk modulus would equal the grain bulk modulus. If, on the
(31) reduce identically to the corresponding expressions fopther hand, the contact regions were extremely soft, then the
an unconsolidated sediment. According to E(®8) and frame bulk modulus would be close to zero. Generally, the
(29), the stress relaxation mechanism has the effect of raisingffect of the contacts is quite different from either of these
the phase speeds above the valegs and ¢y that they two extreme cases. In particular, the contacts appear to ex-
would have had if the medium were lossless. This occurdibit stress relaxation, that is, they are neither purely elastic
because the stress relaxation terms lead, not only to attenuaer purely dissipative, which of course is the basis of the
tion, but also to a stiffening of the material, as is apparenwvave theoretic analysis developed above.
from Eqgs.(28) and(29), where the effective shear modulus is The effect of the intergranular stress relaxation has al-
seen to be g+ up+us) for compressional waves and ready been taken into account in the wave theory through the
(u+ ug) for shear waves. terms involving\ ; and %; in Eq. (4). These two coefficients

Mathematically, the additional stress relaxation stiffnessare embedded, respectively, in the compressional and shear
represented by the moduyli, and u introduced in Eqs(17) stress relaxation rigidity moduly, and us, which appear in
and (18), is characteristic of response functions that followthe expressions for the wave speeds and loss tangents. Since
an inversetime power law. Such behavior would not occur ithe compressional effect of the grain contacts is included in
the stress relaxation were in the form of an exponential dethe wave theory, the frame bulk modulds, is redundant
cay, nor, of course, would the attenuation scale as the firsind should be set to zero in Gassmann’s expression for the
power of frequency. Note that, in the limiting case when bulk modulus of the medium. In this case, Gassmann’s equa-
and m become vanishingly small, the attenuatidtys. (30) tion reduces to the familiar weighted mean for the bulk
and(31)] goes to zero and the sole effect of the stress relaxmodulus of a two-phase medium:
ation terms in the equation of motion is to raise the wave 1
speeds by increasing the stiffness of the medium. —=N—+(1—N)—. (39

The approximations in Eq925) and (24) have been oK Ks
compared with the exact expressions in Eq&0) and (21), Equation(34) in conjunction with the stress-relaxation wave
using values of the parameters that are representative of getireory imply that the composite medium is being treated as a
physical materials. It is difficult to distinguish the approxi- fluid in which the grains are in suspension, with the compres-
mations from the exact forms over some 12 decades of fresional effects of the intergranular interactions being repre-
guency. sented by the convolution involving the material response

4 ptps
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2000 ' ' ‘ j ! compressional and shear wave speeds is found by substitut-
: ing the above expressions for the bulk moduldsand the
1800 P o o R density,p,, into Egs.(28) and(29). Taking parameter values
appropriate to Massilon sandstone, the material used by
Murphy?® in his experiments on wave speeds and attenua-
tions, the curves shown in Fig. 1 are obtained. These curves
are independent af andm, but they do depend op, w,,
__Q\J | and ug. These three parameters, which are independent of
1200 3 . the saturation, have been chosen to fit the theoretical wave
w00k N | speeds to Murphy’s measuremefftas presented in his Fig.
\ : : 5. To obtain the fit, which is almost perfect, we have set
(u+ups)=1.45x10' Pa andu,=8x10°% Pa. Note that,
from the wave speed data, it is not possible to assign values
to u and ug individually. In other words, the quantityu(
+ ) plays the role of an effective elastic rigidity modulus
as far as the wave spee@and also the attenuationare
FIG. 1. Compressional and shear wave speeds computed from(@)s. concerned.

(29 an(,j (32 to _(35). The following paramet(ir valu.es, appropriate t<? the It can be seen in Fig. 1 that both wave speeds show a
Zﬂaiqhigsmgaijfggsg 137;2” e;smzleg:i;;id;b 3;53,;a‘;51_2166i°1('§§’,i; gentle negative slope over most of the saturation range,
Kky=2.19X10%0 Pa; k=0. which is due solely to the slight increase in the density,
with decreasing gas content in the pores. As the saturation
, , ) i . approaches 100%, nothing spectacular happens to the shear
functionh(t) in Eq. (4). Thus, this convolution term may, in  4ve speed, but the compressional speed increases rapidly as
a sense, be regarded as a substitute for the frame bulk mody<irect result of the dramatic increase in the bulk modulus of
lus. . o , the pore fluid that occurs as the gas content is reduced to
Incidentally, the elastic rigidity modulug, representing ;o1 These density and bulk modulus effects are well known

the shear strength of the mineral frame cannot be set to zetg, § oo consistent with Murphy’s own interpretaffoaf his
becauseu governs the shear-wave speed at very low fre5, oo speed versus saturation data.

qguenciegsee Eq(20)]. Since, in a consolidated material, the Murphy?® also measured the attenuatidis Fig. 6 of

sr:]ea_r \_/(\;z_ave spgeld remains finite as the frlequlenc_y is reducegly compressional and shear wave in Massilon sandstone. In
the rigidity modulus,u, representing purely elastic interac- rinciple, by fitting the theoretical expressions for the attenu-

tions at the grain boundaries, must also be non-zero. To su ition [Eqs. (29) and(30)] to these data, it should be possible

"?a”z?" in a consolidated porous _mec_iium, the gra_in CoNtacty, oy aluaten andmgug (but notm andu individually). Since
give rise to stress relaxation, which introduces rigidity and_ 4 o rigidity moduli are independent of the level of satu-

dissipation, as well as effectively raising the bulk modulus Ofration it is evident from Murphy’s Fig. 6 that andm must
the two-phase medium, and they also provide elastic rigidityboth \,/ary significantly withs. At present, as no physical

\INh'Ch mamfes:_sdntse(;f as (’;he stlffniss of thz m'ne_lrfltr:ramelmodel exists for the dependence of the material response
N an unconsolidated medium such as sand or 3| € 0N dices on the saturation level, there is little to be gained by

difference is that the elastic rigidity modulus is z&3,the simply choosing empirical forms fon and m that match

implication being that in S.UCh matgrlals there IS no eIaSt'cl\/lurphy's attenuation data. In other types of rock, the attenu-
frame. The lack of an elastic frame is consistent with the fact,. . . .
ation behavior could be quite different.

that an unconsolidated medium is incapable of supporting a A final comment on the two stress relaxation rigidity

tensile stress because the grains are, by definition, not . .
bonded together. In the unconsolidated case, the rigidity thar{]OdUII Is perhaps in order. It has been stated aboveuthat

: . : . andus, are independent of the level saturation, which is true
supports the propagation of shear waves is provided entirel : - : . : .
i : ; rovided sufficient moisture is present to lubricate the grain
by the stress relaxation occurring at the grain contcts.

Returning to the consolidated case, in the event tha?ontacts. This will be the case when the saturation level is

. 0 .
some air is present in the pores, that is, the medium is nqr:%:bove approximately 2%. For lower levels of saturation,

full saturated, the density, and bulk modulusrr, may RO B8 P T O e
be represented in terms of the fractional saturatspas fol- ' y yer oty ISP .
surfaces of the pores and no lubrication exists at grain con-

1600} : 1

pe_qd, m/s
B
o
(=]
T
1

wave S

800 F B T — 4

L L L L 1 L I 1 I
60%.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11

saturation, s

lows: tacts. As a result, in an extremely dry, unlubricated material,
up and ug may be expected to take values that are signifi-

P SK_W+(1_5)K_a (85 cantly greater than those for the same material but with a
higher moisture content. Moreover, since sliding at grain

and boundaries is strongly inhibited in such dry, unlubricated

pr=5pyt(1—8)pas (36) rocks, t.he material response indicesandn, r_nust decrease

dramatically. In other words, the attenuation of compres-
where the subscriptsd” and “w” denote “air” and “wa- sional and shear waves in these extremely dry specimens is
ter,” respectively. The effect of the level of saturation on theessentially zero.
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V. CONCLUDING REMARKS 4L. Peselnick and W. F. Outerbridge, “Internal friction in shear and shear

. . . _ modulus of Solenhofen limestone over a frequency range oéyiles per
The internal stress relaxation mechanism proposed in secong,” 3. Geophys. Re66, 581-588(1961.
this article has the potential for explaining much of the ob- ®p. H. Johnston, M. N. Toksg and A. Timur, “Attenuation of seismic
served behavior of consolidated porous medieks. It dif- waves in dry and saturated rocks. Il. Mechanisms,” Geophysic691—
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