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Abs t racl 

A comprchensive theory of the elastic behaviour of cracked anù porous 

solids has been derived by O'Connell and Budiansky. A summary lias 

been givcn of thos e por tions of the theory that are useful in the 

interprctatlon of seismic veloc:i. ies, measured ùoth in the laboratory 

and in the field , in ternis of crack or fracture densities and fluid 

content. Numerical estimates of these crack parameters and the 

associatecl errors have been derived from both field and laboratory data. 

The results emphasize the importance of being ab]e to measure reliable 

S wave velocities. The rel evancc of the theory to the st.udy of 

polential radioactive waste disposa ] sites hns been discussed , and a 

strategy for future studies ha s bccn des~ribed. 
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Introduction 

The near-surface crystalline rocks of the Earth ' s crust contain 

fract.1ires thnt provide openings tblough which 1-1ater m;;y flow . Radio-

active maLerial deposited permanently in a rock body might t herefore 

be transported through fractures . An understanding of the distribution 

of microcracks, cracks, joints and faults is of key importance in 

determining whether or not a particular rock body may b e u seful as a 

potential disposal site. Seisrnj c wave vclocit.-ies in near-surface rocks 

are controlled primarily by Llie conccnr:ration nd gcometry of cracks, 

jo ints and other pore space . As the lithostatic preosure increases with 

depth, more and more of the cracks become closed, so that deep in the Earth's 

crus<: the elastic wave v0l ni:i.t j es depr>nd 1 :-1re;eJ.y on the miner::i.J oe:i c.Al 

constitution of the rocks. It is thercforc logical that an attempt should 

be made to use seismological tec:hrdq..!~S to infer sometlting aho1. 1 .. e pore 

suace and r·rack and f] uid content of rocks bath in situ and in th.__ lahoratory. 

Studies of r1ticrocracks using se-' smolot;i..:al tcclm j ques for a nurnber of 

rocks samples fr01n the Chalk Riv1,:r site ha e already bcen reported by 

Simn:on.s, DaLzle and Cooper (19U~), s~isruoJogical cxpcr~nents in the 

Chalk River area l1avc é lso bccn undertaken hy both the. Em:-th Physics 

l\ranch and the Gt-ological Su:tv0y oi Cnn.::icla; these expcrJmcnts yield P and 

S wavc ve1oc 1L:ies at frcquencJes between 20 anJ 250 Hz wjthin diffcrenl 

rPgions of the rock body. In rec:cnt ycars, both experimental anC:: 

thcoretical sturJjcs of tlw -lasUc properti •s of crachd solids have made 

:important· ..,dvances (O'ConncJl and Budi.ansLy, 19711, 1977; Kustcr and 
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H 
Toksoz, 1974 a, b; Mavko and Nur, 1978 ~ 1979; Winckler, Nur and 

Gladwin, 1979 , Toks;'z , Johns ton and Timur , 1 9 79 ; 
t• 

Johnston , Toksoz and 

Ti.mur, 1979), and consequently, the effcct of cracks and pore fluids on 

the clastic parameters of crustal rocks can now b e studied quantitativeJy. 

Furt:hcr, since attenuation al seismic and laboratory frcquenclcs is now 

believed to be prlmarily due to fluid flow between cracks, rough estimates 

of the permeability of a ro ck l>ody using seismolog:Lcal techniques may 

eventually be possible. 

The füst objective of tbis work is to compare theotetical calculations 

of seismic velocities in cracked solids wit:h those mcasured both in the 

laboratory on ro"k cores and in situ; lhc resulting crack den sity 

par.:rn:c·~:crs can th;.;n be co;npar2d w~_th -1:-'o:;.:osity measurc:ornents and wit.h the:: 

concentrations of fractures obscrved in thin sections of the samples 

c:ol ! : · -·-~cl. frorr. · borehole. The second and most importait obj ect:: .. ..re is 

to use the lheory to dete.rmi.nC" the accuracy with whicb sclsmic veiocity 

meas1.ire111ents woulrl have to be made in order to derive useful crnck 

paramcters. F.Lually, lhL reJ ationships betwecn elast i c constants and 

other parameters ussociated ulth c:racked media, such as porosity, 

permeabi.1i ty and dcgree of snt Tation have bcen invesi.:igated so that firm 

recommcndations for future studics can h2 presentcé1 • We have used the 

theory of O'Conn cJ l m1d Budlansky ( 1971:, 1977) in Lhis report, since it 

givcs the most comprehensive t..reat:ment over the range of physical 

condilio11s th:il m.e J-Lkely to be encountC!red in the cvaluation of potential 

\v<Wtc cU.sp• saJ. sLtt-::;, 



- !+ -

2 . Models of Cracked Solids 

The estimation of crack and saturation parameters requ i n.\s four meas urab l e 

quantities: the intrinsic or ' crack f:.:-cc ' P and S wavc vcl oc i tj es and i n 

si t u or J.abora t ory P. and S w~vc v01od ties. Wd gh t and Kami ne.ni ( 19 79) 

have argued that the intrinsic P wave vi:;locity should be ca l cul ated from 

the modal analyses of core samp1es . The intrinsic S wave velocity , 

however, may only b e relinbly detcrmi neù from Jaboratory measurements on 

bore hole cores. 

( i) Elastic Nocluli and Seismic VeJ ocit i.es 

O' Conne] 1 and Budiansky (1974) used a self- cons:Lstent approxima t ion j_n 

using the energy of a single crack to e s tima te the elastic constants o f a 

soi.id pcnneAted \Jii:.h flat cracks. They ~on sidered four cases: ùry cracks, 

satnn_ted cracks and cracks satur iterl with soft fluid . For water-filled 

cracks, the <liifercncc betwcen tl ~ : :i.mple c.:. 2 of satura ted cracks and the 

more rigorous treatmcnt i.11 terms oi soft f.l11id saturation is negljgible, 

so that the soft LLuid cétse i s of no intcrest m us here. The phy s i cal 

conditions under \-.'h i ch e.::ich of thcsc caocs is applicabJ e was fut:ther 

clucidnt(•d by 0 ' Conne] 1 and Budia11sky (1977). We have suuuua.rized liclow 

t he torrnuJae from both papers that we bave fo:.mc1 useful in this 

invest i gat ion. 

The crack · clensity par~meter f is define<l as lollows : 

s -
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. whcre A and P are the cr a cl· area and pe rimcter rcspec tive.ly, and N i s 

the number of cracks per unit olume. Wi.th this definition of E:, 

O'Connell and Budiansky (1974) showed that the difference between the 

r eGults for circular cracks and highly elliptlcal cracks is insignificant, 

so tliat we are justifiecl in restrictin g our discuss ion to th e case of 

circular cracks. For circular cracks, 

2, where ' a ' is the 

crack radius. If the aspect r atio awl radius of the j th crack are 

aj and a j respcctiv ely , the crack porosity is given by 
t.J 3 
t ~ 1; .l°C /\\.) - < >t_· cl: a,· 3 

.<:.-..\ - :<.... ..... J ~I . J;1 .:.) 
If we assume t ha t all the a. ' s are the saœc , 

J 

D,V = ~~rc. (,,( N <o..,3 > = 4-n.: ~i(s 4. 
3 3 

Thus, if e.: is ca1culat8d frnm the se:d smic ~.re locitÜ':S; we can estima te the 

aspect r a tio r equired te give the me·sured crack porosity. 

· .... :-·. 

Let K, Gand V he the bulle. rn.odu l us, rigidity and Poisson 1 s ratio of the 

crackcd mate.r ial; K, G and v are 1·he corresponding parametcrs fo r the 

uncracked matrix. Tben for dry crarks or flu id-.L:Llled cracks in which 

thcre i · bulk flo1v of f:i.u:Ld ont of or into cracks resulting fr om ch::i.ngcs 

in fluid pressure in the crac~s, 

i7 l (, ( --2'\ 
,\ \ - 1..\ \ --· 1--26 ) 1

:. I' '1 ', 

G- - 1 ?12. ( 1 ~ ü ) ( 5--1. ) ,. 5, --· 
G- ·--c-z="Ll)- --~ (.;, 

W5 

·-i 16 
~ .. ,, 'l (' ·x ·- - '\ -- •) ·- !! ~-:_:_' :_t_::_:_ô__~ -=-~:..:~- "-'!. c 6. 

4-· rz_ _, 
:; l)) 



- 6 -

For saturated cracks in which the shear stresses in the fluid relax 

compleL e1y, but no fluid can f1ow out of the cnJcks, 

15 : G 22 ( l- 0 )c 
) 

::::: 

K G 1,-· 2.-· L> 
7, 

ù - ù + "3/.. (1-0Z)(1-20) 
f; 

1+5' (2- ~) 
8 . 

This case is known as 1 satura ted isolated', and the changes in fluid 

pressure may not be the same in every crack. For th e case of partial 

satur.s.tion, O' Connell and Iludümsky (19711) gave expressions that 

correspond to a weighted average of the formulae for the 'dry ' and 

'saturated isolated 1 cases. Thus, 

l+fi ( l) ~ iJ) - ( 2 - 0 ) 
16 · -'1- u1· '- - (1- '5)(1+'3-J)(?--ï:i)-L. :~ -2.0)j 

wherc ~ is the p~oportion of saturatcd cracks . 

G ·
(,-

1-

1 ·-

9, 

10. 

The seL:mic v locities Hithin the cracked m.:":!teriaJ are then givcn 

by Vr /,_. f&\f~ 11, ..,,. 

\ & / 
_!.. 

nnd Vr -- Vr [ (! t:ï) (1+ )) l( T 12. --- ' ·---· ( I·: :->) ( 1- d') k . • 
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To nBke use of the theory, we require a series of tables of elastic moduli and 

seismic velocities as a f un c t ion of c . Each separate table corresponds to a 

differcnt value of Ç, and Pôisson ' s r&tio t1 of the uncracked rr.g. trix. In 

prepa ring a table , the 

initial step i s to deternüne r:: as a functi on of v k ecp ing J a nd ~ constant. 

The c rackcd moduli and veloc.ities can then b e calculatcd u s ing cgua tions 

io - 12 . 

There is, howevcr , an additional case of saturation that is intcnnediate 

b e tween ' satura t ed isolatcd' and 1 dry '. '- I f all the c racks are in 

communication, but no bulk flow of fluid out of the mate.rial oc.:r:urs , the. 

bulk modulus is the same as for the ' saturated isolatcd'case, but the 

materi.'.:11 responds in shear as though the cra cks were dry . This case is 

l.u1ow11 as ' satm:att-ù iso~ailc ' (O' Cunuell ai-1<l Buûiansky, 1977), éllld Llie 

e last i c parameters are given by 

1: .=. 1 G ' a'') l r '' ( 5·· ') 
>J <. . l.:- ~) ,2_· '----=-~ f' 13, - l{.5 K G- ~2.-0() 

where 
LJ I ·-· lb i_I - \' ' 2 } (tcJ -"3ù t , I \ 6a, 

J -u_::_ € 
.(f-'S (2 -1 ') 

v has bcen 
I 

changed Lo \! beca11 se it is no longer the effec tive Poisson 1 s 

ratio of the hu.Lk san,plc. The cffect i v0 Poisson 1 s ratio \i is cstimated 

from standard rel;:itions among clCTstic moduli and is 

K/K and G/G are 

(1-f- ù) )i.//( - (1-Z tJ) (,"ID 
;Z-(/"Ç: c ) F /;--:-.~=-('ï"'.:f;) G/ G 

sivcn by 13. 
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Tlie formulae for partial saturation if the saturated cracks conf orm to the 

1 r·aturated isobaric' case are simpler than equations 9 and 10. The 

relationship between v
1 

and v is giVén by 6a; G/ G is thcn given by 13. 

K/ K , however, is still calculated from 10 with v ' replacing ~. Elastic 

wave velocities measured on lDboratory specimcns of crystalline rocks 

correspond closely to this type of partial saturation, si.nce measured S 

wave velocities are almost independcnt of the dcg:cce of saturation (Nur 

and Sinunons, 1969). 

(ii) Attenuation and Viscocla~tic Behaviour 

The transitions between the main cases discussed in the previous section 

involve the relaxation of shear stresses in a viscous medium and the flow 

of a viscous flu:id in a penneable n.<·,:Jum. O'Connell and Budi:, ~lS\y (197Ti 

showed how these effccts can bé described in termE: of lincar v ..... h'.l";:!lasU city, 

and derivcd frequency-depcndent elastic moduli. The imaginary parts of 

tliese complcx clastic parametcrs express the d:Lssipation of sinusoiclal 

vari<1.tions of stress and strain. 

and 6a are modif ied to 

/"(r.::1) -= / 
/( ) 

/' 
whcre v is the root of 

, I 

'· 

For fluid saturated cracks equations 13 

15, 

lG. 
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H.ere D = 
are charac t eristic fr c·.quencies corresponding t o the transition from 

' saturatc d isolated ' to ' sa t urated isobar i c ', and from ' saturat ed i solated ' 

to the ' g lucd ' case in which the cracks hav é no effect on the moduli. 

J\na lytical forms of the complex functions f and gare given by O' Conn ell 

and Budiansky ( 19 77). For closc::ly-spacc'd cracks ha ving man y in t crsections , 

1 7 ' 

where a i s the ~spect r a tio and n is the fluid viscosity. A rca ] 

cry s talline rock will have a spectrum of characteristic frcquencic!'; owing 

to its dj stribution of aspect ratios tha t probably lie mos tly with:l.n 

the range 10-2 - 10-4 . Viscous relaxation in water-saturated cracks 
~, 

consequently becomes important at f requencies greater than about 10 Hz, 

3 -2 if 4~ 10- N Sm - • Thi.ls, foy- i:·1ater-saturated t hin cra::.ks , fiel--1 '.l'"' d 

labcratory elaf; tic wave velocities correspond t o a state ranging b etween 

sat l.1.: 1: ~d isob.>' ic at.. t he low frequ ency end and saturated isolated a t high 

frequenclcs; f luid flow between cracks is thcrcforc t he dominant 

dissipa.tive mechanism, Because the theory p r e<lic ts a marked vcloe:ity 

dispersion between 1 and 106 Hz, ultrasonica.lly measured vclocities may 

be signifjcant ly higher than those at seisrnic frequencies. Since the 

qu.:llity factor Q i s clcpenJent on the upcctrum of charact2ristic frequcncics 

(•ll, and therefore on the spcctrum of aspect ratios, ffi(~;:isurements of 

so i.srn c ai·tcnua tion both ju the fielcl. and in the l aboratory may yiel d a 

r0ur~h csUmate of th e distdbution of nspcct r :.i.tios . 
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O'Connell and Budiansky (1977) also suggest the following relationship to 

r eplace w 1 in 17 for rnodcrate crack densities : 

U) = 
1 

If ·1+ /( k 
fla:i. (!- lltféY~Y 

18, 

where a is the radius of a circular crack and k is the perruca bility. We 

thus ha ve a direct mathematica l relationship between the elastic constants 

and permeabil:Lty. The k in 18 is for flow betwcen adjacent cracks aud 

will be highly VéJr iable ovcr a rock body. Further, it may Le rather 

different from the bulk. permeabil ity of a rock body ove r a long period of 

time . Nevertheless, the ex istence of this rela ~ionship suggests the 

intriguing possibility that a crud c estimate of the pcrmeability of a rock 

hocly mi ght h e rnac1e hy pu:?:"ely seismological r.1~~ms. 

3. T:1~· i stimation of Craek and Sé t ;_:.: d.on Pé : .metcrs from Se Lsmic 

Velocitv Measurements. 

To illustra te the application of the theory, we 11 .::i.ve us cd so!Ylc r elevant 

velocity estün.:i.tes from both field and l aL oratory d:ita g ivcn hy Wright and 

KHrnill C' rÜ (1979), and Lam and Wright (1 979). The r eal difficulty is that 

we have no medt·;ured S wavc velocit..ies a t.. 2 kb or other app roximation s to the 

ii1trjnsic S \1avc velocit ics. The calculations wcre un<lertaken for the 

'saturat..ed isobaric' case of sect i on 2. The measm~ed an d intrinsi c S wave 

v c locities tl 1ercfore complet el y determine the crack density parameler; t hc 

measm:ed and jntL"lnsic P m1 rc velocities then clef:inc the s::ituration par::.uneter. 
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We have made plausible guesses for the intrinsic S wave velocities using 

the laboratory data published by Feves, Simmons and Siegfried (1977 ) . 

The average P and S velocitics measured at 2 . 0 kb on dry sampJes of four 

granites and one quartz monzonite were 6.33 and 3.77 lon/ s respect1vely, 

yielding an intrinsic Vp /VS value of 1. 68. The measured saturn.tcd and dry 

P velocities and the S velocities at 1 bar from Feves et al. are sirnilar to 

thos e reportcd by Simmons et al. (1978) for Chalk River samples, t-hough the 

differences between the measured dry and saturated P wave velocities are 

rather smallcr for the Chalk R:lvèr cores. We have nsed 'average layer ' 

velocities in our calculations, as defilicù by Wright and Kamineni (1979), 

which represent lhe average laboratory velocities for samples takcn from a 

layer tha l is petroJogically reasonably homogeneous. Tp make realistic 

esti!:!!'ltc[; of the crrors in cr.::ck and saturation param<:':ters, -we Lctve used i...11 e 

average P and S wave velocitj es of profiJ e 3 of Laru and Wright ( J 9 79). The 

primary data ancl che rcsults of onr cal u] ations are listed il · . - ·il~s 1 <'• •.1 2. 

ln table 1, values of F, have be.en determ:Lned for the average satu:cated and 

dry P v locitics measured ou cnres from the quartz mon%onite zone of borchole 

CRl at Clin1k River. The P vclocity measu:red on dry samplcs at 2 .5 kb \vas Laken 

as a rcasonable estimate of the intrinsic P velocity. c was detcrmincd 

first frm11 the average measurL~d shear wavc velocity at -1 bar, asr:uming 

The calculat..ions were t.hcn repcatcd u inr; the syst.cmatically 

higher values of VpJ c·stir.mtcd from the mod,1 J analyses of corc samples ;:mcl 

mjncral vc•loc:i.U.es o1ta ·:_ned [rom t he ljtcrature; Vrr /V51 was kept .'.lt 1. 63. 
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The first four rows of t able 1 show the results. On changing from the 

measured to t he calcuJated V , the crack density parame t er increas es from 
PI 

0 . 17 to O. 24, whilst the satur<ttion parameters for bath saturated and dry 

cpecimens drop. 

Wright and Kamineui (1979) have suggest .d that the cal culatcd values of 

V arc a better approximation to the true value becau se all of t he pore 
PI 

space in a rock is unlik.ely to b e closed at a pressure of 2. 5 kb . On the 

other hand, the calculated vaJ.ues of V may be s lightly overestimated, 
PI 

because alteration of some minerals, esp ecially feldspars, may be 

significant. We will return to this problcm in the next section in Hhi.ch 

the interpretnt.ion of crack clensities and porosit.y measurelT!euts in terms 

u[ cr~cl: aspect r atios ~-s discuss 0 d. 

l3ec 1 c' - v
81 

is •,ot accurat ly knm.rn, the values of E; in table l may be too 

low. However, the significant feature of the resulls is that the difference 

in tlie ·de.grec of saturation between dry and saturated specimens is onl.y 

about 0.3, suggesting that: the proc:ess of saturating or drying rock smnples 

· ff12c:ts only a small proportion of the c:racks. This conclusion is 

t.:upportcd by calcuJ.ations on othcr san,ples from Chalk Ri.ver and for data 

on other erystal line rocks c1i scussed in the litcrature (0 t Connell and 

B11cU.ansky, 1974; Scholz, 19/8). As a furtl12r illustrai-ion, \ve have 

use 1 1.he vclocity da t<:l on 11 s.:1mplc of granite studied by Feves et a 1, (1977) • 

Herc V::.>J was ta ken to be t:hc me.asured sltear velocity at 2. 0 kh. The 

rerm1ts are gj_vcn in tltc Jar.;t tuo 1:ou3 of table J; E "O.JJ, and l:;. is 

0. 92 and O. 53 for s.slui:a·,._:J ::md cky specimens i:espectively. 
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Table J also shows the satura i-ion parameters calcula ted using the average 

Vp from the bor ehole log betwecn depths of 90 and l i'O m ( rows 5 and 6). The 

calculated VPI yiclcls E.; = 0 . 51. Since wc would expcc t t he c racks in sit u 

to b e close to satura tion, th e result suggests t hat v
31 

has been underest~IBted. 

If v
81 

is increased by 0.2 km/s, E: and t; jncrease b y 0.03 and 0.07 respective ly . 

The data of Lam and Wrlght (1979 ) yield a random errer in P wave velocities 

of ± 0 . 09 km/ s . Any further cxperiment cl es igned sped fically to measure 

seismic velocities should b e capable of a t taining at l e.as t that precision. 

Assuming a similar rror in S v eloci ties a nd an errur of ± 0 .10 km / s in VPl 

and v
81

, the entire range of possible v alue.s of t; and E: has been calculatcd. 

The selected measurec.l v eloc ities, Vp and VS, correspond to prof1le 3 of Lam 

a nd Wright (1979) , whilst the intrinsic ve:locity VPI is a calculated average 

over Lh t:! vJl10..t.
1

"' 
0 u·i.L'e·· u .L·r 1·ore· l1· >.L1 ·'"' s·c·'111rJ1 e 0 : \T i·s "plat1SJ.ble g l1 ~ss ~"' u -~ .• , ..... .., , s,· ~ . . ~-- . 

. L 

The nur..erical resul ts are listed il .?irst the effect of varying 

one parameter a t a tirne is d isc:L1ssed. An error of :~ 0.09 km/ s :Ln v
8 

resuJ ts 

in errors in <. and l; of :t 0.0 2 and :t 0.06 - 0.09 respective l y ; the higher 

errer in t; occurs for lowcr input values of V or drycr rocks. 
p 

An e rre r of 

± 0.10 krn / s in v81 , however, c.<.iuses s,nalle.c en.ors of ~ 0.015 and ±0.03 - O.OS 

in s and E; r-spectivcly. A cltangc i.n V of ± 0. 09 km/ s causes a c li ange i.n 
p 

~ of :i 0.06 - 0 . 08; again th e Jarger change occurs for dryer rocks. 

Sim:LlarJy 0n crror i.n VPI of :: CL lO km/ cnuses an error i;1 E; in the 

range 0.04 - 0.08 dcp~nding on the degree of saturation. Thus, the 

thre<.:: pÇLr...-.metcrs VPI, Vp and \! S nc2d to be k.nown with sirniJ ar accuracy, 
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becausc they have approximately cqual effects on E; . V SI, howevcr, bas 

less influence on s or E; than V8 , so that crrors in v
81 

that are about 

twice those in the other velocities can be tolerated. These rcsults 

concerning the errors are of importance in the practic.:il application of the 

theory, because Vsr is the most difficult parameter to determine 

accuratcly. AlloHing for simultaneous crrors in all four velocities, 

the ranees of c and Ç, arc from 0.20 -· 0.27 and from 0.15.., 0.58 respecti.vely. 

Our calculations consequently emphasize the nced for very accurate 

detenninations of the scismic vclocitic~s C J-2%). 

E: and E; have also hecn determined for the saturated jsolated case of 

section 2, using the same input: parameters as set ( a ) of table 2· ) the 

rcsulL::, co "prise S"'" '- '- (c) . ,,,,.,.ri 
.1..l.l\,...:. :.;n1...'-l.:-ated isolat.cd Cci.8C yields fll'..J.C:h highcr 

values of both c an E; . Note that bccause the shear wave vnlccity is no 

longer indcpenclent of saturatlon the valu e of vp a] so i.nfluel.''.( ~ t.:. w( 

shall rliscuss late1 w11y we COPC<idcr the saturat-oà i.solatcd case to be less 

appropriate for bot:h lahcn'.'atory and fic] d measurcment:s. 

!1. Discl!ss ion 

( i) !~.?JJPC t Rat los 

He have alrcady inclicated Lhat the calculated P velocitics for rocl~s 

at 2.) kb are probabJy hett<=.r opproxh1Htions to tbe i.ntrinsic Vil.lues than 

mcasm:ed vclociî Ü'f,, s:incc alJ. th> porc spacc in a rocl is unlikcly to be 

closcd nt 2.5 kb. Wc ctm sho~·J that thi s cxpl<ination is realist.:ic by means 

of a crud e but simple c~ilc.ulat:Lon us.i.ng the cra ck density paramcters and the 
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measured porosites. The closure pressure for dry cracks is given roughly 

by Ea, where E is Young ' s modulu.s and a is the aspect ratio . Taking E"' 

200 kb 2kb 1 h k · h < 10-2 w1·11 be closed. , at on y t ose crac s wit a 

Now consider the data of table 3 compiled for the quartz monzonites of 

borehole CRl at depths between 90 and 170 m. Fr-om Simmons et al. (1978), 

. k 4 X 10-4, h . f . 4 d h the aver~ge crac· porosity is 9 . w icn, rom equation an te 

crack densities of table 1, yields an average aspect ratio for thi n 

cracks of 1.3 x io-3 . Now the calculated intrinsic P velocity used in 

table 1 yields a higher crack density parameter, suggesting that cracks 

not closed at 2.5 kb contribute about 0.07 to the overall crack density 

parameter . . We call this the residual crack density parameter. The 

average measured porosity is, moreover, about an order of magnitude larger 

th~n ~he esti~ated crack porosity. Thus, pc re space that is r .• t closed at 2 . 5kb 

ac .. Ju'1.ts for i11ost of the porosity, which we call the residual porosity . 

From the residual porosity and r esidual crack density parameter, it is 

possible to calculate a residual aspect ratio for those pores that remain 

open at 2 .5 kb. This residual asp ec t ratio i s 2.1 x 10-2 , which is 

consistent with the earlier estimate that pores with a > 10-2 will remain 

open at about 2 kb . 

( ii) Magnitude of~-

The results of tables 1 and 2 indicate that the crack density 

parameters for real crystalline rocks lie in the range 0.1 - 0.3. This 

is a significant result, since such moderate values of t: correspond to 

the region in which the theory is fairly acc:urate . It is also the range 
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of s for which O'Connell ancl Budiansky (1977) dcrive equation 18, in which 

the characteristic freq uen cy !lll dep ends on the inter-crack permeability . 

Nowa crack density of 0.25, corresponds to one circular crack with a 

cU ameLcr of l. 2 mm for each nun3 of the rock. Observations of real rocks 

s uggest that values much greater tl1an this arc unrealistic . If the 

' saturated isolated' case is v a lid rather than the 'saturated isobaric ' 

case, the esti.rnates of s woüd be much l A.rge r than O. 3. Thus, the 

1 sa turated i solat cd ' case gives res ults that are apparently discorcl::mt 

with obs ervation . 

(iii) Further C.omments on the Use of the SaturaL e d Isobarü: Case. 

If the saturated isolated case were correct, we would e xpcct the shcar 

wave velocity to increase as the degree of saturatio11 increases , provided the 

crack densi~ y r Pm?ins constant . The. ohsorv ntion hy lfor nnrl Simrnon;. (196 9) 

thnt sl1ear wavc velocities arc a lmost ind cpcnclent of saturaUon conditions 

would 1.;, 1 cquenL" appear to provide ample justification for t he us e of the 

saturated isobaric base . Howcver , if the process of saturation introduces new 

cracks, the velor.ity would tend to decre3se. Henr.e, an increasc in v e loc:ity 

duc Lo increascd saturation could be approximatcly ha lanced by ri decrease in 

Vl'lo c l.ty cluc to 1 he c1eati0n o[ new cracks. lt is thereforc tl1eoreticaJJy 

pos ·i.ble to ma in tain n constant shear wavc~ vcJ ocity un der satur.nted isolated 

The point that we are mnphasiz.i.ng is that the n e.ar indL:pendcnce of 

S wave v clocitics upon saturation is consistent with saturated isobari 

cond-i.U.ons, liut under unusual c:Lrc:umstancC>s can also b e cons istent wi th 

satur~te<l isolnted conditions. 

S: . .iruc ki11d of fhrid flow mc:cliGJnLsltl app cars Jmporté'lnt 1-11 cxplainin.g elas Lj r:: 

W<J ' ~~ nttenuat:ion lH1t:h in 111 e lnhor.'..1Lory and in t he Ert.c th 's crust (WinckJcr 

nn<l Nur, 1979), thu.s ldnl..i.n g nt Llt.:: ir:Jt.:.VCt1H.:e of LhL> ~i:lturatc·d .isobaric Ci:l'H~. 
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Mavko and Nur (1979) have pre;·) c>nted a model of seismic altenua tion in 

crackcd rocks in -which the cracks thelllselves are partia lly saturated; 

the attcnuat ion results from fluid f l ow wi thin each crack . Such a model 

of partial saturation may be more rcal:Lstic than the modcls of 0 1 Connc.ll 

and Bud:i.ansky that consist of a mixture of totally dry and totally 

saturated crdck~. 

(iv) _Crack Shapes 

The theoretical results given in section 2 were dcrived for c:Lrcular 

cracks. Calculatiorf> by B:.idiansky and 0' Connell ( 1976) suggest that o t her 

crack shapes would yield re511lts that differ from those given here by only 

a few percent provid 0 d the definition of c remains the same. The equa Lions 

for circular cracks therefore provide a satisfactory interpretation of 

seismic velocities measured in crystalline rocks . 

R.ecommendat.ions fo r Future Work ·----·-·------·--

An attempt bas been made to demonstrate the reJevance of the mathcmatical 

theories of crackcd so1ids to the 1 RADWASTE 1 program, and to expluin how an 

integrated program of seismolot:;ical field and lahoratory experj_ments 

ombined. with mathE:!maticaJ mcdelling can yield valuable il1formation on the. 

crack and soturation parametcr s of a rock body . Our recomHl8ndo.tions for 

future work conscqucntly fall into three catcgories: field studiPs , 

lnboratory cxped.mcnts and mazhematicaJ modclling. 

(i) The first important sL.:!p in f ·i c.>1d bt11 dies is to obtain reliable 

estima tes of she' r wave velocit:ies in a rock body over distanc.es of up to 
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a kilomctrc. Initially , the testing of .n modified mechanica l hammcr as a 

source of shcar waves should be undertaken , as suggestcd by Lam and Wright 

(1979). 

( ii) Assuming that shear wave velociti.es can be accurately measurec1, 

the ncxt step is to conduct a field experiment to measure velocities and, 

if possible, attenuation for both P and S waves us:ing recording bath in a 

borcho le and on the surface. 

(iii) Laboratory me.:isurcments of :P and S wave velocities at pressures 

up to 2. 0 kb should be m.'.lcle on rocku frnm the area in which a seismic 

experiment is performed; thcy are ssent ial for the calculation of crack 

dcnsity and saturation parameters. 

(iv) Laboratory measurements of attcnuation of P and S waves in dry 

and satur:ate<l c-rystallinc rocks shot1lr1 he made ü1 nrcl.er tn bet-ter und erE't>1nd 

the attenuatiotJ mec.:han is11ts. 

(v) Further work on the de 12 J_.;.pmcnt and application of '- - 1.tathcrna' ·_cal 

theories of the elastic properties of crackerl soJ.ids is nccessaLy in o~dcr 

to devise a model tha1- approxima tes bet tc~r both attenuati.on mechanisms ar..d 

c:rr:tdc shapcs, ancl also precliLt s accu:ra;_ely émy observed frequcncy clepenè.ence 

of scismic velucities anJ Rttcnuoti.on. 
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..Lab.Le .J... Seismic Velocities and Estirr,.ates of the C:c3ck Density and Partial Saturation Para::neter 

i 

1 

I:i.~c.insic Velocities 
1 

Measur ed P and S Velocities 

~U1'../S ' 1 km/ s 1 

i Î ' 
1 Cc .. ,:c.u::.2.~ed i-ieas- As su-

VPI/ 1 
Laboratory Va lues Crack Saturation Remarks 

VPI 1 . 
1 urecl. med \T 

1 VPD r ·~ore- Density Parameter 

1 VPI VSI VSI 
·ps is 

ho le 6 ç 
1 V 
1 ' 

p 
1 1 

1 
! 1 

1 

1 

6.28 l 3. 36 1 1.63 1 5.58 3 .28 O. lï 0 . 53 Calculated and ~easured 1 1 
1 1 1 velocities are the ' 6 .28 ' 3.86 1. 63 1 5.28 3 .28 0.17 0 . 21 

1 

1 1 

average for layer No.4 of 
6.92 ! 4. 2 3 1. 63 5.58 3.28 0 .2 4 0 . 41 Wright and Karriineni (1979) 

1 1 (Quartz monzonite : depths ' 6 . 92 
1 

4. 23 ' 1.63 5 . 28 3.28 0 . 24 0 . 19 1 90-::.. 70:n) . ' 1 
r:. o~ 1 li. . 23 ! · 1. 63 3 .28 5 . 72 0.24 0.51 

1 
,) • ·' L 1 

6. :12 1 1 4.4 3 
1 

1.56 3.28 ' 5. 72 0.27 0 . 58 l i 
1 1 1 -
l 1 1 i 1 : 

' r r;" 3.82"' ! 1. 70 i 6.26 1 1 3.39 1 0.13 1 0 . 92 Sar:i.ple 1336 (granite) o. _u 

1 
1 

3.32"' 1 1 of Feres et al . (19ï7) 
6.50 1 1. 70 

! ~ .. i . 0 .13 0.53 

1 1 

1 

1 l 1 

>< Here th•:?. i:i.trinsic S wave velocity is assumed equal to the measured value at 2 . 0 kb 

Note : VPS a::id VPD are ::he velocities at l bar measured on satur ated and dry samples, respecth·ely. 

Vf is ~he shear. velocity ~easured o:i. samples at l bar. 

Vp is t'.'i.e average P velocity in the layer as è.etermir..ed from the borehole log. 



Table 2 . Range of Possible Crack Dei:..sity and Partial Saturation Parameters for a. 

Spec ified Range of In_";)c...1..c..:-=.t_V_e:....l_o_..cc_i_t_i_•-_'s_. ---------------·------

Intrinsic Velccities 
kr0Js 

VPI VSI 

1-~easured Velocity 
km/s 

V p vs 

CracK 
Density 

s 

Saturation 
Parameter 

E;, 

Comrnents 

- 1 1 ! 
6.50 1 3.98 5.49 I 3.09 C.242 1 0.58 1 (a) Saturated Isobaric 

Il li 5.Jl Il 0.242 ! 0.45 
., ,. 5.49 3.27 0.201 i 0.47 1 v"O minimum 
" " 5. 31 " o. 201 1 o. 31 vs rr.i;:ümu:n 

6.50 

" 
li 

6.70 
!l 

,. 
., 

G.7G 
I! ,, 

6.50 
" 
Il 

n 

iJ-;;T = 
- J. 

1 J ------- ; 

1 4.18 ' 5.49 

1 

" l 5 ')-1 1 ,..; 

11 1 5.49 
! " 1 5. 31 
1 

' 1 
1 

! 

3.98 
" 
~ 1 

" 

4.18 

5.49 
5.31 
5 .1+9 
5.31 

5.6.9 
.5. 31 

1 " 1 5 L,O 

1 .; 1 5: 3i 
' ' ~---- 1 
1 3.98 1 5.49 1 

1 " 1 5. 31 
1 " 1 

l " 1 

5.49 
5.31 

3.09 
:r 

3.27 
1· 

3.09 
If 

3.2 
1t 

3.09 
!! 

3.27 
11 

3.09 
Il 

3.27 
" 

6.60 ± 0 .10 km/s; Vsr = 4 .08 ± 0.10 kr;i./s; 

0.268 
0.268 
0.230 
0.230 

0.242 
0 . 242 
~-. :01 
n . 201 

0.268 
0.268 
,~ . 230 
0.230 

0 . 413 
0.381 
0.308 
0.255 

Vp -

0.65 
0.52 
0.52 
0.36 

0.50 
0.38 
0.31 
0 .15 

0 .55 
0 . 43 
0.41 
0 . 25 

0.88 
0 .7 6 
0.74 
0.52 

5 . 40 ± 0 .. 09 k."TI./s; Vs -

(b) 

Vp 
Vs 

Saturated Isoba~ic 

minimum 
m2ximum 

(c) Saturated Isobaric 

Vp maximum 
Vs minimum 

(d) Saturated Isobaric 

Vp maximum 
Vs maximum 

(e) Saturated Isolated 

Vp minimum 
Vs minimum 

3.18 ± 0 .09 km/s. 
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Table 3 Aspect Ratios Measured from Crack Dens ity Parame t ers 
an~foros i t ·0' s for _quart::;_7.-:Monzo_i~_it~. 

Pnramctcr 

Depth Range. 

Avernge Crack Porosity from 
Data of Sinuao1rn e·- al. ( 19 78) . 

vcrage Crack Dens:lty Parametcr 
from Data of Sim.mous et al. (1978). 

Aver ge Aspect l:Zatio of Thln Cracks. 

Heasurcd Porosity. 

Averar;c Crack lJe-nsity PaTPrneter 
f rom Calculated Intrinsic P Velocity. 

Resi<lnal Porosity. 

R~s:Ldual Crack Dcnsity Parmucter. 

Residual Aspect Ratio . 

· Numerical Value 

90 -- 170 m 

-4 
9.f1 X 10 

0 .17 

1.3 X 10-3 

7.2 X 10-3 

0 .24 

6.3 X 
L -3 

0.07 

2 .1 X 10-2 


