
Effects of clay content and porosity on 
wave velocities in onsolidate4 media 
wing empirical relations 

Aamt3x%t.t 
Waw ve3m;i*s in fimBt;tom pe. p t d y  Iry porosity and clety wntat8. We 
%mul&d nEw empirim1 mtations f o ~  fhe 'ltetocitiea V, and U:,. h these m d h  which take into 
accaont fb ~x,~mit)r and ciw conten%. Thewrelatim tire Vp = 5-57 - 6.4'74 - z ~ C '  $ 

tPnd v, = 3,111 - 4.w - 2.23~~ @, and bs uxd ta compmvel~c:itiw f@r various 
pormitles a d  clay .y~t&. The refid& cdmprue f$mumbly wtth h a d  at& H E D ~ .  

Most ipea~s and mb.tmorphic mcks\hw~e littlevr no pom~ity 
and vetmi$ies d mismia waw in SUE& mk+ &@nd minty 
m thG tlaqttc pmprtieri d their ~ ~ n s t h e z ~ t  mimrab. 'In 
gmw~i, ~dwih% & .wismic twwve.q in igmm.r rmh show 
a nmww ran@ d wiation fbm. thme in sedipnt~ttaty OF 

metmor$SnIo mzb. Tfie ammp wdls~acify in igneous rock 
b higkr thw tktt in other t y p  of n,&% Tht. m k  with 
tfK high& uelneitks is dunite-an ultmwic rerck that mine 
b&R% Wl i?ll~kWt CQR!&~& d Zhe %flh*& EW%k Ma~f 
mert\mqhic rocks shw an eve? wider rmp d va&ion 
in dazity* kg.. in gneiss, ~@loeMae, range fbm 3536 to 
7559 m R I.  S~dImatary robh genem1ly exhibit n much 
gmztcrper cm f inewhr,a in vekity with imtr,w'q pqsure. 

Saifim'rc wlmititx are quite d i h n t  in di-t 
sedimnhry mb. These r+k% show little variation in sped 
wm fw diffwmt depths of Lxuriorl. The highest mgw&d 
veicc& in sedimentary ruck$ is abaut 7620 m s ' In si 
rJ&diie tinte&ne. T b  !-my te tb vatkfion a p w s  b be 
density m d  paroi;ity. 

In In s:edimmtary r&, &the ix$uitl ~rtloei$ is 
&~eMieuf on &a intrimi~ vslcrclfy in'tha mEnm1s constituting 
the miid rock mtrix, the pmity* pni-8 pressurn and the 
v ~ ~ ~ t b f l i l i d ~ t h e p o l e ~ ,  Ttalaadepencts 
an the oonlposition of my solid cementing matarid be&~en 

%he gmlnrr of the pimay =k eon~itllplmtii. At ,&id low depttts 
of burial, the miwily in mas sdimantary m c h  incm.~w 
mpidly with incrwsing pm~tum. For r k h  with $~ains 
W appmximMeiy sphwiai, a thmmt-Lml lleisttionahip 
was drsvelopd by Qa6mnn which predicts that the velocity 
shwld bepr~3Mid ta the pa%um raised tn the onrnixth 
pawier, tml th6c&~antof prnpo1tiomlity is ex&swsed in term8 
af the etmtic comtatnt ctnd dea..ity af nfkw rock 1~gtwk1 ibatf. 
Wyand ti= depth whm such amofidation is mched, the 
Muewe 05 xwciation in pressure on velo~ity bccome~ small, 
a d  theref~m the gomity and minmf cwnpmifim d the 
grains become dm~hant in pverning velwily. A simple 
t m w  rnkdianxhip betweem the reciprrxal afthe. velocity ad 
p m i s y  has ben f-d by 'Wjrllie t r  ul (1  956) for a water- 
+&mated sandtjtm at depths wtte than a fiw thawtmd feet. 

1 ' $ .+  1-4 -=- .-- 

v v v, . ' (1) 

wltem t" is the velocity in safurrrbd rock, $ is the fractianal 
porosiv, V F k & v t ? l & y o f 4 W i n W p ~ e a n d  V;, 
iu tlle velmity oF miid m&dal making up the rock matrix. 
Equation (1)  is lamm m the: tirne-averagxJ ffitationsbip. 
M e m  it holh, fhc velocity V wuld bc aqua1 to V,, at tern 
porosity and t~ Y.w xt lOW pwasity> its raclprocal $ bing 
Zinwiy rrelz~ted to c$ fer valu~s inbefween. The of+.@& 
wlocitieti Fw trand~fnes show a m y  cIoise adherc,nde to the 
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=tr rf &r and -9 tm awe vd& in d i a  

t i m e - a v ~ a d a t i ~ 1 1 h i ~ o v ~ t h t ~ i ~ r a n ~ e b e ~ z e r o  to cubic lattices, where each laitice site has six bonds t o  
and 33%. mighbawing site%, 

X r;%milar equafion developed fm theop.etical The '&%c Inte~action b e t w e  neighbnuring -ins 
c m i M m  by Pi- ( 1969) iq is c k ~ ~ t s e d  by a patential emrgy that d e p h  on tk 

t disglacament of the grains away from their equilibrium 
- = A + B * ,  
V (2) pition%. Por the special case in which the rwa wins i and 

where A and B wn~ on litblogic a d  wfh of j ~ ~ f i ~ ~  in & Y . o ~  +lin*miun, the PWW 

h i a i .  Quation (2) a p p m  t o  he wlid fw a widw m n p  of isfowd~-amHanka^s law as 

sedimentary r c b .  V, = w Q) 
wllme Uq L the dL%pIactment d the grains rciative b their 

2. W a ~ e  veSEt&3es in wdsttmrs fixm da8t3.t equilibrium paition and R in a ripring can@am. in three 
n&.mrrsrlr s2naalat3ons dlrnamion, the potcntiat energy depends on && w. W& 

ttlative dispiawneM Ugj and the nngles nf tatatinn from 
Theebti;%Vme ~~b3dti t3  k l ~ ~ h  m d i f k ~ l t t W d ~ ~ b . k  just ,quiliMum 61, & ef & grin. er crl ( 1  w, 
fm ~ ~ ~ @ & ~  ~4 comprxriitim and m i ~ ~ + * ~ ~ t ~ m .  An It@Sf rv;ld FMIg (1 N S )  $ev$ilq& full 3D ca* in&u&fig 
ela.;tic netwnrk nG&I pmvid~ n friune~rfi fm qusurtitttzive romtims. Nel&&ping grains am conntcw trythm 
predi~tiian of t d d k  WW+3 ~ ! € K i t k s .  The ditsrk 8BbWiik with spr@ Mn,*nts XI ,, RI ,d Kt., m+imlY. The 
model wm a qutw lattice of ga ins  with elaqtic internetions mntial eaiqy hq 
be- n e ; t r ~ .  ne igbhm.  The grain-$0-pin elastic I 

i~crPGtims fh rotational mofion af idiuidwi t/i' = zK1 ~(Uif  - rij)' + ~ ~ ~ ( c l i j  x rij )Pi, 

grains in d i t i o n  to #re translmtionaf motion nonnal and + R ( B ~  + g j f  x ~ , F + ~ K ; < Q ~  - (4) 
paallel to fk ~~~ h*mn a ~ m  ( k h * e f d  where pi, is ffie onif - ~ w - ~  k@bUfiP i wd 
IW}. The elastic netwwk modet wn..kts; d a three- j: and is them mdiw. 
dimensional n & m &  afgminx, with e x h  grain conmcted ta its CiFst tezm in (4) is tb fwce bm 
d&bmm by @ n ~ .  ~ t s t i f f n ~  nftb&prZn!?S mF%& a d  it -tr; fajh ~ t o r i n g  force along* line m-ting 
t h e ~ ~ t ~ ~ ~ ~ i ~ n  i?Jld 8 1 p i n i n t ~ ~ i n ~ ~ ~ e e n  two m - m i g h & m  m o ~ d  the 
ntighMng Hrn (Curtin and Schm 1 di.qflacement of the -tact point -ndicular ta a line 

Tk impfcmrtatiion of the elastic netwmk madel diffetx ,-ghg the h.vo -in?; or fxom a where both 
fm the H W ~  of SchZYaFtZ el d f 1984) in its tra-nt of *dm rotafe in dimion, wifhaut mOe af 
porosi'ry; ra th@ d i d  vim am distrib* a the grains' cetltre. The third tern opmm wnter-mtatian 
regular izlrtice. All Iatttic~ site8 arr, =upid by ga ins  with ,b g, pinq mte in aPpbfiite diwtions no relati,= 
gemsky Wnd as the roidt qawa W-1 grain% but in, displgemts . . 

, ei-zt*~ mdd, 6"' Mi- 'if' Soh- er d (19fW) shawd t b t  in a elaeic m k  
etemant af d u m e  thaf can be eitkcr serfid s p i n  w p m .  ~ ~ l w r i t h o n t ~ f i o l l , i t ~ p o s ~ b ~ t a h a ~ a n i n ~ ~ k p +  
P a m i t y  ia c r ~ d  by the rem&ning mlid p i m i  from the ,&io. ~ ~ b s n  +J,@ mtsrtionak bm5 im,u&F ffre dh 
lattice @if% tvtd mQ4 tfre dastic netWXk ~@odfd is defined Hn$ withm MdiQnat bm &ham difiertnf$ nw th 
as the fraction of empty P t t f b  ~'Hwi. Ihe ad\.anta@ of this peEoi&\,fion *mhold I A ~ ~ ~ * ~  1 gw, E~~~~ w&man 

, definition d p o r d y  is the k& Q O ~ ~ ~  h k h 8  TRk m-s that the mtationsl tern5 iue parric&dy 
stastic intwtxfions behY88n n c i g h . t f r i n g m b ~ ~ ~ ~ d  i m p w r ~ t  for simulation at high pomsitIbq. The p e n c e  of 

coasts* i d ~ t n d e n t  of ~ ~ ~ m ~ q .  ThP4 ~ . ~ f  ~ d I f e x  a t h i d  spring rrm,q&a in the exI".Ys&n for & 
a micra4copic fmdatinn far Ithe USC of of F i  wtocity- intMion, impiim - ~ l e  c;xi3te3ree of a third vibrntiOnrnl 
pofosiv Aatimhip. iXcu~@iom the model predict in the ~ w &  in d d i t b t o  the usual comprmionaI and sheaf a linear depPJrdenw d the camprmqbnd d m i t y  on h t h  mods- 
w a t f r - ~ t u & d  ~ m i q  and the total c b  cden*- The P-W ~eifx:ity vp fim * sirnutdim 
&wurk P ' Q ~ i h q  @n d*m&ive * Bi& t l x ~  for ( ~ & t  er d 1993) as a tiif&% bf wahmaturatBd poro~ity # is 
&dating relocities ia flaiS-sattu:atcd d i a  @iot f95&, 

gi, by 14Sfib). ma Eiot theory rmpires the acoustic pmperties of 
the dry porous medium (abo caHed the dry fmme) a. input, 

Vp = 5.35 - 5.17&, (5) 
which are wed ta p & t  the Bdd-sattnabd prrrperfies. The b:, = 3.54 - 5.5@. (6) 
tta..itic netwarjc m&i cw be i~md to c a t e u ~ a  & ti-arnc 
acoustic propexties of the Add-sakaatr:d medim witllout 
saparate d f h e  dry f m .  

A p u s  andstone composed of &aus minemts 
em be modef!d by w i n g  the spring cons&ntx &etween 
neighbandne, &I&S to reflect the &%mt el& m t s  
aF the rock amstituerh. The &%tie prapxtks af the entire 
network can tre ratculizted f m  the wf dr#  spring con.tivr& 
~ t w w , ~ ~  rrsjghlmuring &m. "Ihe siiimtll~atims m limited 

Hm erd(l986]i)& up an experiment inwhiEhexpmsiam 
fur both P-wave ~e10cify Vp and S-wavb velacity Y, m 
abfahed. .'They 6t Vp meamred at a confiBing prssnrc of 
90 Mh io a linear funcfiafi of M h  porosity and clay cantent. 
Wltm theclay 1:enknt wasset to zero, ia theirbat-Fititequation, 
the a x p i o n s  ~ D F  Vp and V, af clay-free swrdstonm are 
given by 

Vp s= 5 . 9  - 6.m&, d B 
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NC& ~ilnWiooU 3.25) 3.97 2.39 
Ultnwxricm trsW 3.52 4.91 LU9 
r~io f u p l m h  SXY 7,m 2.1% 
bapiricid IOMIW. 3 4.M 2.23 

Figwe 1. A plot d \$, t ~ w  pixvkty with dwy c m ~ t  02 v&cm 
'ww~~El~l&' u 126 hi tllc ~ G W  cmpiri~ul mktion. 

Hpre3. Adet of Y/Y VGW parcwdty with c l ~ y  emmt 02 
u/huc '- u 1 :h irs thc ricw ampirim! reWon. 

rarpwiivety. 
Averaging B e  ~wuking ejrpre,ssbn~ ~ G L *  ~d (1993) 

and Han e~ d { 19W lends totba new empinmi mlaiom 
. 

V, E; 5.32 - 6.5-j7P, (9) 

The Smear dapendewe of P-wave vetocity (V,) im both 
pamify .and day content, cambid  'with the c b g s  in 
vtiocizy with day caoitent at different pormities, iinplia; that 
the mi0r:ity hffl the simulations can be wri- ns R bilinear 
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Eff'eus td GI& warn sad f i~~s i ty-  nn wive d t ~ i t i a  in emxrnli&& d i a  

Xgiw  IS. A pfm of V, vmus pa~mity with cfuy cmme 0,4472 . 
wwc '\"i~vit1k.5.c(ut' u I :h is thc n~wcrnpiri~i ~nlrxtion. 

Table 6. U~xnpuhtion ef Ic, using d i f f m t  tmhndr wnd difclrnt 
vdm nfQ;ty contrxzt. 

Clay 
@ e61.rPsM 

a. t 0.4472 
0.7 0.4472 
tl.3 11.MTZ 
$1.4 0.&72 
li.5 r).iblJz 

Tnhlct P. Cmnputution of 1.5, with vnlucv of ckty ctmcnt wrying 
fmln (1.1 to. a5 at diffcmt pmritiati. 

%Me 10. Cutnputution d V, with wduw dclny conta~t vtuyinf: 
fmm 0.1 to I15 at d i @ a  pmibm 

This equation was uwd by Han er at (1986) to fit ultrasonic 
mmpresximal and shear zrbIwitiw, to porosity and clay 
conte&, iind by h-na er rrl ( I  9B5) i$ ~nalysing sonic lop 
in shal y sm&tmffi~. Hm er a1 < 1986). show that aquation (I 1) 
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&'jgln 7. -4 plat of V,, v m n  eluy content which vuricx frum 0.1 to Filgurr 9, A plot of Vs VCMW duy emtcntu~hich V V H ~ ~ C X  @rnn 0.1 to 
f1.S frrrthc ncv4 crnpiricd rclittipn. 'wudql.iht' u 1 :2- gi = 0.1. 013 fwthc ncw nnpiricul kzllution. '~ - .dut '  u 1 :2+ 4 = 0.'1, 
'wa&gl.dut' u 1:3 -+ 9 = 0.2, '~odcgl.di%' u 1 : h  QI = 0.3. 'wudcg3.dta' u 1:3 4 g) = O.2, '\xudc@.d&' u 1 g) = 0.3 
* u ~ i . . k ~ t '  u 1:5 - iQ = 0.4 'wudcgl-dtrr' u l:6+ (P = 0.5. 

V, = 5.57 - 6.474 - 2.27~'  -' (1 (9 
V, 1 3.41 - 4.444 - 2.23~ '  9. (17) 

Values of the compressional wave velocity ( V p )  and shear 
wave velocity (h) wing equation (13), which is the Eberhart- 
Phillips equation, as a function of p o m i t y  and clay content 
asing 

V p  = 8" - tl, # - s3c11-? (1%) 
v, = u a  - 4 4  - u ? c ~ / ~  (1% 

at o.1-i 0.2 f135 0.3 0 . 5  11.d fl.%j 0.5 have been reported. We used the newly formulated empirical 
( 3 ~  t18- rel~tion to compute the ve1ocitie.s and compared them with the 

fiv ;R A piat d V, vctws clay cqntcnt, which vuriw timn a1 tn ~ ~ r f e d  msults ipm e r d  1MRl- 
0.9 for thc ncw unpiricul mlution. ~wdcgZ&t' u I:2+ (b = 0.1, 
'-.duct u 1:3 4 rp = 0.2, 'wJdcg2.rlid' u l:J+ 4 = 0.3, 
'w&-gZdat' u 1 :S i Qi = 0.4, 'vnu'fcg2.W u 1:6+ (b = 0.5. 3. D i ~ c ~ ~ s i o n  

@me -a better fit to the expesimenfal data than tbe modified 
W l l i e  time average 

'Plstwork simulation data were ~naiysed in the sarna manner. 
Wan ei al j198Cj) moddied their experimental data by fitting 
the simulation ra5ults to  equations (1 1) and (12). 

A third velocity-pomi~y clay quatian introduced by 
Eberhart-Phillips rr ai (1 989) q l a a q  the linear d e p d e n c s  
of velocity on clay mntent with the square mot of the clay 
coniwit: 

V = & - 4 4 - & 4 .  ti31 

They chimed a signiftcsnt impmement in the fit to ultrasonic 
data using equation ( 13) compared to the lineuu clay term of 
equation ( I  I). Generally rpeakimg 

We compute new empirical relarimq with . different 
experimental and theontical m u l t s  as shown in tables 5-8. 
Table 3'givs the computation of the veincity of P-waves. 
V,, in the sandstona5 with the clay content 0.2 We also 
canpuh  the velocity of S-waves, V,, in the sandstoms with 
clay.content 0.2, as sl~own in table 5. Tnble 5 also shows 
the ?tics of VR to V, with re..& to d t y .  Fmm 
these table..% one can clearly see thal the results of the . 
new empirical relations compam favo~~rably with e.+tblished 
experiment4 and other thearetical wotks. This is also 
demonstrated in f i g m  1-3. 

Similarly, wecarried oufthesamecomputiition as given in 
tablc,$3-5 in tablcs 643 and we have plotted the corresponding 
graphs in figures 4 6 .  

Although the new empirical relation still holds for clay 
contents between 0.1 and 0.3, it suffers setback at clay contents 
0.4 and 0.5 when porosity is 0.5. 

V = A o - A , # -  A$. (14) Thitfailure i% notpecuIiartothis empirical relation, but it 

V =&-Bj$-B2q5. (1 5)  a l w  affects theFrio fomrdion, which leads tothe inv~stigation 
of the behaviour of the empriricai relation with clay content 

The v ~ t u e s  of canstants Aa, A A>, ElO, B1 and B2 am as shawn in tabtai st 1. The empirical retation ciclviy h o t 6  
g i m  in t a b k  t and 2. However, the new empirical relation. at pom&ies 0.1 t o  0.5 provided the clay content Ls not @enter 
ara given by rhan 0.3 @gma 7-9). 
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A new rclntionship ha.. been found that can k used to easily 
determine fhe v4acities of P- m d  S-warn in stwd~toncs with 
so= amount of clay. Although thzre is a limitation in using 
this arprcssion when the clay coatent is close to 0.5, this is 
not a scriotls deficiency. Sandstones with 0.5 clay content 
cannot redly be re&ed si nmckfonefi; they can jar a,. well 
te kseribed m clay with 0.5 s a d  content. 

Hwce in a typical sandeone region, where them is soma 
clay content,the.se empirical rdsdiofu; are validforany pomity 
provided that the clay content is not greater tkn 0.3. Howewer, 
we found that the tcwlts might still be used where the clay 
contant is in the neighbaurhood of 0.4. B i s  slfer to limit 
its use to  the clay content 0.3 for any porosity of ami3wtans. 
Consequently, the new empirical relationship for V, and Vs 
are valid for determining velocities of P- and S-warn inr 
uncomrdidaied media. 
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