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THE DETERMINATION OF PERMEABILITY IN IN-SITU MARINE-FLOOR SEDIMENTS 

Stephen L. Go1 dsberry* 
December 1984 

ABSTRACT 

A method o f  eva lua t i ng  i n  s i t u  permeab i l i t y  o f  unconsol idated marine f l o o r  
sediments has been developed us ing mathematical manipulat ion o f  p rev ious l y  
formulated empi r ica l  equations. The f i n a l  equat ion makes use o f  var ious 
sediment c h a r a c t e r i s t i c s  t h a t  can be mathematical l y  described and used t o  
c a l c u l a t e  pe rmeab i l i t y  w i thout  g r e a t l y  d i s t u r b i n g  the  sediment. 'The f o r -  J 
mula requ i res  a  knowledge o f  t h e  s o i l  ' S  median g r a i n  size, pore shape, 
po ros i t y ,  and format ion f a c t o r  ( t he  r e s i s t i v i t y  o f  the  f l u id -sa tu ra ted  
porous sediment d i v ided  by t h e  r e s i s t i v i t y  o f  t he  f l u i d  i t s e l f ) .  
Calculated pe rmeab i l i t i es  came t o  w i t h i n  16% o r  l ess  o f  those measured f o r  
a  ser ies  of na tura l  sands when a  simple c o e f f i c i e n t  was in t roduced i n t o  the  
equat ion f o r  t he  data ava i lab le .  Or ig ina l  ca l cu la ted  permeabil i t i e s  were 
c o n s i s t e n t l y  c lose t o  f i v e  t imes greater  than those measured f o r  t he  same , 
natura l  sand samples. The need f o r  a  c o e f f i c i e n t  t o  ad jus t  ca l cu la ted  per- 
m e a b i l i t i e s  could poss ib ly  be due t o  s o r t i n g  e f f e c t s  t h a t  were not con- / 
sidered i n  t he  de r i va t i on ;  t he  i nco rpo ra t i on  of these e f fec ts  remains an 
area o f  f u t u r e  i nves t i ga t i on .  

* This work was i n i t i a t e d  a t  t he  SACLANT ASW Research Centre, wh i l e  
M r  S.L. Goldsberry was employed as a  Summer Research Ass is tan t  under the  
superv is ion  o f  D r  M. von Haumeder o f  t h e  Environmental Acoust ics Group, and 
completed as a  t h e s i s  f o r  t he  Master o f  Science degree i n  t he  Facu l ty  o f  
Baylor  Un ivers i ty ,  USA. 
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INTRODUCTION 

I n  recen t  years s c i e n t i s t s  f rom d i ve rse  d i s c i  p1 i nes have found i t  
i n c r e a s i n g l y  impor tan t  t o  b e t t e r  understand t he  na tu re  o f  t h e  ocean f l o o r .  
Since t h e  ocean f l o o r  can be descr ibed as a f l u i d - f i l l e d  porous medium, 
much a t t e n t i o n  has been d i r e c t e d  t o  research on porous ma te r i a l s .  

One o f  t he  most advanced model S desc r i b i ng  sound r e f l e c t i o n ,  conversion, 
and t ransmiss ion,  through porous m a t e r i a l s  i s  t he  B i o t  model, proposed i n  
t h e  mid 1950's by M.A. B i o t  (1956) < l> .  The model r equ i res  sediment per -  / 
meabi l  i t y  ( t h e  measure o f  t h e  a b i l i t y  o f  a porous m a t e r i a l  t o  t r a n s m i t  
f l u i d  f l o w  through i t s  pore space) as t h e  most impor tan t  m a t e r i a l  i n p u t  
parameter. 

Pe rmeab i l i t y  measurements can take  one o f  two forms: l i q u i d  f low measure- ' 
ment o r  gas f l o w  measurement. The measurement us ing  a l i q u i d  i s  easy s ince  
l i q u i d s  can be cons idered incompress ib le  - thus  a l l o w i n g  volumes t o  be 
measured w i t h  g rea t  p r e c i s i o n  - and because t h e  o u t l e t  pressure can always 
be considered atmospheric. One disadvantage o f  l i q u i d s  i n  comparison w i t h  
gases i s  t h e i r  h i ghe r  v i s c o s i t y ,  which tends t o  l i m i t  accurate measurement 
a t  low p e r m e a b i l i t i e s .  Most impo r tan t l y ,  however, they a re  no t  t r u l y  
i n e r t ,  so t h a t  any r e a c t i o n  w i t h  rock components severe ly  l i m i t s  t h e  v a l i -  )( 
d i t y  o f  t h e  t e s t  <2>. 

The measurement o f  gas f l o w  through a porous medium t o  determine f l u i d  per -  / 
m e a b i l i t y  has t h e  advantages o f  i ne r t ness  and low v i s c o s i t y ,  which tends t o  
a i d  i n  eva lua t i ng  low permeabi l i t y  samples. However, t h e  compressi b i  l i ty  
o f  gas and t h e  convers ion from gas f l o w  t o  f l u i d  f l o w  must be accounted 
for .  

Whi l e bo th  o f  t h e  p r e v i o u s l y  discussed methods f o r  determi n i  ng permeabi l i ty  
appear t o  be q u i t e  accurate when p r o p e r l y  performed, t h e i r  most se r ious  
drawback i s  t h e  i n a b i l i t y  t o  measure samples i n  s i t u .  Most eng ineer ing  
analyses a re  made i n  a l a b o r a t o r y  on samples from t h e  m a t e r i a l  i n  quest ion.  
However, sampl i ng d is tu rbance  i n  mari ne env i  ronments c rea tes  a ser ious  
problem i n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  such t e s t s .  Cohesive sediments can 
be sampled f a i r l y  und is tu rbed  w i t h  p r o p e r l y  designed apparatus, b u t  granu- J 
l a r  sediments are almost imposs ib le  t o  sample. The e f f e c t  of sampling can 
be q u i t e  de t r imen ta l  t o  p e r m e a b i l i t y  ( t h e  most e a s i l y  d i s t u r b e d  of a l l  t h e  
p r o p e r t i e s  d iscussed) ,  f o r  even a s l i g h t  rearrangement o f  g ra i ns  can 
s u b s t a n t i a l l y  a l t e r  pore network geometries. 

Since i t  i s  ext remely  d i f f i c u l t  t o  measure p e r m e a b i l i t y  i n  s i t u  a t  t h e  
ocean bottom, i t i s  necessary t o  express i t i n  terms of measurable proper-  J' 

t i e s  o f  t h e  porous m a t e r i a l  such as p o r o s i t y ,  g r a i n  s ize ,  pore s i ze ,  and 
pore shape. 

For  t h i s  purpose sediment p r o p e r t i e s  must be descr ibed  mathematical  l y  i n  
such a way t h a t  they can be used as s p e c i f i c  i n p u t  v a r i a b l e s  i n  B i o t ' s  
model. Furthermore, each v a r i a b l e  must be easy t o  determine us ing  d i r e c t  
measuring techniques. 
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The pr imary purpose o f  t he  present  study was t o  develop t h r e e  separate / 
cases o f  mate r i  a1 p r o p e r t i e s  t h a t  mathematical l y  descr ibe  f l u i d  per -  
meabi l  i t y  i n  unconsol idated sediments: a  pore case, a  g r a i n  case, and an 
e l e c t r i c a l  case. On t h e  complet ion o f  these t h r e e  cases, t h e  most 
app rop r i a te  combinat ion o f  mate r i  a1 p r o p e r t i e s  was determined accord ing t o  
ease and accuracy o f  measurement. 

The secondary purpose was t o  e s t a b l i s h  how p e r m e a b i l i t y  v a r i e s  w i t h  changes 
i n  s p e c i f i c  m a t e r i a l  v a r i a b l e s  and t o  determine t h e  s e n s i t i v i t y  t h a t  per -  
m e a b i l i t y  e x h i b i t s  t o  each o f  these changes. A rank ing  o f  t h e  m a t e r i a l  

/ 
v a r i a b l e s  accord ing t o  t he  s e n s i t i v i t y  o f  p e r m e a b i l i t y  t o  each v a r i a b l e  can 
be he lp fu l  i n  p r o v i d i n g  guidance towards f u t u r e  investments  bo th  i n  
purchas ing and development o f  measurement equipment. 

The study cons is ted  o f  f i v e  phases. F i r s t ,  an ek tens ive  l i t e r a t u r e  rev iew 
was undertaken on t h e  var ious  aspects o f  f low phenomena through f l u i d -  ,I' 

f i l l e d  porous media. Second, t h e  numerous sediment parameters used t o  
c l a s s i f y  va r ious  unconsol i d a t e d  sediments were reviewed so as t o  i d e n t i f y  
t h e  ones a p p l i c a b l e  t o  t h i s  study. Th i rd ,  emp i r i ca l  formulae were mathema-$ 
t i c a l l y  developed t o  r e l a t e  these parameters t o  t h e  f l u i d  f low through 
unconsol i d a t e d  sediments. Fourth,  us i ng  t h e  f i n a l  emp i r i ca l  formula,  
graphs were drawn t o  re1 a t e  p e r m e a b i l i t y  t o  i n d i v i d u a l  sediment var iab les .  
F i f t h ,  t he  sediment va r i ab les  were ranked accordirrg t o  t h e  s e n s i t i v i t y  o f  
p e r m e a b i l i t y  t o  changes i n  each va r i ab le .  

1 PREVIOUS WORK 

Much work has been done over t h e  past  s i x  decades t o  b e t t e r  understand t h e  
re1 a t i o n s h i  p  between e l e c t r i c a l  and phys i ca l  p r o p e r t i e s  o f  porous m a t e r i a l  S 
so as t o  success fu l l y  p r e d i c t  phys i ca l  c h a r a c t e r i s t i c s  o f  rocks and sedi-- '  
ments by means of d i r e c t  e l e c t r i c a l  measurements. 

Sundberg (1980) <3> fi r s t  in t roduced t h e  s imple r e l a t i o n :  

where Rs  i s  t h e  r e s i s t i v i t y  o f  t h e  sand when a l l  t h e  pore spaces a re  
f i l l e d  w i t h  a  h i g h l y  conduc t i ve  pore f l u i d  such as b r i ne ,  Rf  i s  t h e  
r e s i s t i v i t y  o f  t h e  f l u i d  alone, and F  i s  t h e  fo rmat ion  f a c t o r  r e l a t i n g  
t h e  two. 

A rch ie  (1942) <4>, p l o t t i n g  t h e  fo rmat ion  f a c t o r  aga ins t  p o r o s i t y  and per-  
meabi l i t y  o f  conso l ida ted  sandstone, noted t h a t  t h e  f o rma t i on  f a c t o r  was a  
f u n c t i o n  o f  t he  t ype  and charac te r  of t h e  format ion and va r i ed  w i t h  t h q  
p o r o s i t y  and p e r m e a b i l i t y  o f  t h e  r e s e r v o i r  rock. He a l so  e m p i r i c a l l y  
determined an equat ion t h a t  r e l a t e s  t h e  format ion f a c t o r ,  F, t o  t h e  f o r -  
mat ion p o r o s i t y ,  B , 

where m i s  an exponent r e l a t i n g  F and B . 
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Winsauer -- e t  a1 (1952) <5> developed t h e  r e l a t i o n s h i p  

where F i s  t h e  fo rmat ion  f a c t o r ,  T  i s  t h e  t o r t u o s i t y ,  and B i s  t h e  
p o r o s i t y  o f  t h e  sampled specimen. To make use o f  such a  r e l a t i o n s h i p  i t  
was assumed t h a t  t h e  e l e c t r i c a l  t o r t u o s i t y  was equal t o  t h e  h y d r a u l i c  t o r -  Y, 
t u o s i t y  i n  t h e  case o f  f u l l y  sa tu ra ted  rocks. 

W y l l i e  and Spangler (1952) <6> po in ted  ou t  t h a t  t h e  use of t h e  r e s i s t i v i t y -  
measuring technique t o  determine t o r t u o s i t y  i s  i n a p p l i c a b l e  t o  those cases 
where t h e  m a t r i x  o f  t h e  porous medium i s  i t s e l f  an e l e c t r i c a l  conductor o r  
t o  cases where no conduct ing f l u i d  can be found. However, they  went on t o  
s t a t e  t h a t  by s a t u r a t i n g  t h e  rock w i t h  a  h i g h - c o n d u c t i v i t y  f l u i d  when 
measuring e l e c t r i c a l  r e s i s t i v i t y ,  t h e  e r r o r s  due t o  t h e  c o n d u c t i v i t y  of t h e  
m a t r i x  cou ld  be rendered n e g l i g i b l e .  They a l s o  pos tu l a ted  t h a t  t h e  
equal i t y  of e l e c t r i c a l  and hydraul  i c  t o r t u o s i t y  i n  p a r t i a l l y  unsaturated 
porous media may be a  l e s s  v a l i d  assumption than  i s  t h e  corresponding 
assumption i n  f u l l y  sa tu ra ted  porous media. 

A t k i ns  and Smith (1961) <7> presented l a b o r a t o r y  t e s t  data t o  show t h a t  t h e  
va lue o f  "m" i n  A rch ie ' s  express ion 1/F = $m was determined by t h e  shape 
o f  t h e  p a r t i c l e s  i n  t h e  system and t hey  suggested t h a t  an equat ion  o f  t h e  
form 1/F = a  Bm (where "a" i s  a  f a c t o r  t h a t  va r i es  w i t h  t h e  amount o f  c l a y  
and sand i n  t h e  sample) cou ld  be used t o  descr ibe  p r o p e r t i e s  o f  na tu ra l  
fo rmat ions  c o n t a i n i n g  va ry i ng  amounts o f  sand and c lay .  

More than  twenty  years  a f t e r  Arch ie  <4> suggested t h a t  t h e  fo rmat ion  
r e s i s t i v i t y  f a c t o r  was i n t e r r e l a t e d  t o  and dependent on bo th  p o r o s i t y  and 
permeabi l i t y ,  Brace -- e t  a1 (1965) <8> in t roduced t he  empi r i c a l  r e l a t i o n .  

where K  i s  t h e  pe rmeab i l i t y ,  m  i s  t h e  h y d r a u l i c  r ad ius  (a measure o f  
t h e  r a t i o  o f  pore volume t o  sur face  area) ,  KO i s  a  pore shape f a c t o r ,  Rf  
i s  t he  r e s i s t i v i t y  o f  t h e  pore f l u i d ,  Rs i s  t h e  r e s i s t i v i t y  o f  t he  f l u i d -  
f i l l e d  sample, and $ i s  t he  po ros i t y .  The work was done on samples o f  
g ran i t e ,  so t h e  idea  o f  g r a i n  s i z e  and i t s  r e l a t i o n s h i p  t o  pore s i z e  was 
never discussed. 

M.G. Cro f t  (1971) <9> s u c c e s s f u l l y  p r e d i c t e d  t h e  permeabi 1  i t y  and 
t r a n s m i s s i v i t y  o f  two a q u i f e r s  i n  Nor th  Dakota by use of e l e c t r i c  logs  and 
graphs re1 a t i n g  p e r m e a b i l i t y  t o  fo rmat ion  f a c t o r  o f  s i m i l a r  sediments. 

D.H. G r i f f i t h s  (1976) <10> determined expe r imen ta l l y  f o r  t h e  
Bunter  Sandstone i n  p a r t s  o f  England t h a t  i f  sandstone r e s i s t i v i t y ,  m a t r i x  
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conduct ion f a c t o r ,  and water  c o n d u c t i v i t y  cou ld  be determined t o  w i t h i n  10% 
u s i n g  su r f ace  r e s i s t i v i t y  measurements, then t h e  e r r o r  o f  de te rmin ing  per -  / 
meabi l  i t y  was no t  l i k e l y  t o  exceed ha1 f an o rde r  o f  magnitude. 

Jackson, Smith, and Sanford (1978) 1 i n v e s t i g a t e d  t h e  re1 a t i o n s h i p  be t -  X 
ween e l e c t r i c a l  r e s i s t i v i t y  measurements, p o r o s i t y ,  and g r a i n  shape f o r  a  
s e r i e s  o f  marine sands. They concluded t h a t  f o r  such sands t h e  e l e c t r i c a l  
f o r m a t i o n - f a c t o r l p o r o s i  t y  re1 a t i o n s h i  p  was indeed governed by A r c h i e ' s  Law 
(F = Bern), t h e  exponent m be ing  ent  i r e l y  dependent on t h e  shape o f  t h e  
p a r t i c l e s ,  va r y i ng  f rom 1.2 f o r  spheres t o  1.9 f o r  p l a t e y  s h e l l  fragments. 

Jackson, Bar ia ,  and McCann (1981) <12> expe r imen ta l l y  eva lua ted  a  number o f  
mar ine sands, s i l t s ,  and c l a y s  accord ing  t o  t h e i r  g r a i n  s i ze ,  f o rma t i on  
f a c t o r ,  p o r o s i t y ,  and t h e i r  range of g r a i n  s i zes  ( s o r t i n g ) .  They concluded 
t h a t  p o r o s i t y  and f o rma t i on  f a c t o r  a re  no t  o n l y  dependent on g r a i n  s i z e  bu t  
a l s o  on t h e  s o r t i n g  o f  t h e  sediment: as t h e  spread o f  s i zes  inc reases  i n  
t h e  sediments p o r o s i t y  decreases. 

Attenborough (1983) <13> exper imenta l  l y  deduced t h a t  f o r  a  pack ing o f  
spheres o f  d iameter  d  and p o r o s i t y  B  , t h e  h y d r a u l i c  r a d i u s  i s  g iven  
by : 

thus  e l  i m i  n a t i n g  t h e  need f o r  compl i c a t e d  hydrau l  i c  r a d i u s  measurements i n  
sedimentary samples. 

Each o f  these works has g r e a t l y  enhanced our  knowledge of how e l e c t r i c a l  
p r o p e r t i e s  i n t e r r e l a t e  w i t h  phys i ca l  p r o p e r t i e s  i n  unconsol i d a t e d  and 
semi-consol idated e l a s t i c  sediments. Such knowledge can be used as a  foun- J 
d a t i o n  on which t o  develop new and b e t t e r  methods of de te rmin ing  f l u i d  f l o w  
th rough  porous media by combining e l e c t r i c a l  and phys i ca l  techniques. 

2 APPLICATION OF VARIABLE MATERIAL PROPERTIES OF SEDIMENT 

2.1 Flow processes 

Pe rmeab i l i t y  i s  t h e  measure o f  t h e  a b i l i t y  o f  a  porous m a t e r i a l  t o  t r a n s m i t  
f l u i d  through i t s  pore space. Darcy 's  law <14> determines p e r m e a b i l i t y  by 
t h e  f l o w  r a t e  o f  a  g iven f l u i d  under s p e c i f i c  c o n d i t i o n s  through a  porous 
medium, and can be expressed mathematical l y  as 
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where 
3 Q = q u a n t i t y  o f  t ransmi t ted  f l u i d  per  u n i t  t ime (L /T ) .  

K = pe rmeab i l i t y  ( r e l a t e d  t o  sizes, shapes, and in te rconnect ion  o f  
oores 1. 

A = ~ r o ~ ~ - ~ e ~ t i ~ n a l  area a t  r i g h t  angles t o  d i r e c t i o n  o f  f l o w  ( L ~  1. 
L, = l eng th  along which pressure d i f f e r e n t i a l  i s  measured (L). 

P2 - P1 = pressure d i f fe rence (atmospheres) between two p o i n t s  separated 
by d is tance L. 

P = v i s c o s i t y  o f  f l u i d  (cent ipo ises) .  

A measure of3 pe rmeab i l i t y  i s  the darcy. One darcy i s  the permeabil i ty t h a t  
a l lows 1 an 1s o f  f l u i d  having a v i s c o s i t y  o f  one cen t i po i se  t o  pass 
through a cross-sect ional  area o f  1 an2 under a pressure g rad ien t  of one 
atm/an3 (measured a t  r i g h t  angles t o  the  surface o f  the f low) .  

Thus permeab i l i t y  i s  a measure o f  the ease w i th  which a l i q u i d  i s  able t o  
penetrate the porous ma te r ia l .  The q u a n t i t y  o f  f l u i d  a l lowed t o  f low 
through a ma te r ia l  depends on the one hand on the  experimental cond i t i ons  
chosen, as, f o r  example: the  v i s c o s i t y  o f  the f l u i d ,  the  d r i v i n g  pressure 
exer ted on the  f l u i d ,  t he  l eng th  through which the f l u i d  must pass, and the 
cross-sect ional  area over which the f l u i d  i s  al lowed t o  f low. On the o the r  
hand i t  i s  determined by the  m ic ro -s t ruc tu re  o f  the m a t r i x  i t s e l f .  Wi th in  
the  porous mater i  a1 , f l o w  i s  l i m i t e d  by the s i ze  o f  the grains, h i c h  
determines the  s ize,  shape, and the degree o f  in te rconnect ion  o f  the pore 
spaces. It i s  the permeab i l i t y  f a c t o r  t h a t  f o rma l l y  accounts f o r  these 
m a t e r i a l  in f luences.  

Ma te r i a l  p rope r t i es  such as po ros i t y ,  pore s ize,  and pore shape are no t  
inc luded e x p l i c i t l y  i n  Darcy's f l o w  equation. Therefore, us ing  the f l o w  
equation as a guide and a framework on which t o  bu i l d ,  the  pe rmeab i l i t y  can 
be described as a func t i on  o f  ma te r i a l  p rope r t i es  t h a t  can be categor ized 
i n t o  physical  p rope r t i es  (pore var iab les  and g r a i n  va r iab les )  and i n t o  
e l e c t r i c a l  p rope r t i es  ( r e s i s t i v i t y )  . 
The main purpose o f  the f o l l o w i n g  sect ions i s  t o  express pe rmeab i l i t y  
e x p l i c i t l y  as a func t i on  o f  va r i ab le  m a t e r i a l  p roper t ies .  The th ree  ways 
t o  do so, by pore o r  g r a i n  o r  e l e c t r i c a l  c h a r a c t e r i s t i c s ,  are described i n  
Sects. 2.2, 2.3 and 2.4, respect ive ly .  

2.2 Pore Charac te r i s t i cs  

The f i r s t  va r i ab le  se t  deals w i th  the c h a r a c t e r i s t i c s  of the pore network 
found i n  unconsol i d a t e d  o r  sani -consol i d a t e d  sediments. The ac tua l  pore 
network i S three-dimensional and conta ins pores of var ious d i  m e t e r s  and 
lengths  i n  sane unknown sequence. A canplete d e s c r i p t i o n  o f  the s t r u c t u r e  
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o f  t h e  po re  network would r e q u i r e  a  comple te  knowledge o f  a l l  s i z e s  and 
arrangements o f  t h e  pores. T h i s  d e t a i l e d  i n f o r m a t i o n  may n o t  be a v a i l a b l e  
t o  t h e  researcher ;  t h e r e f o r e  t h e  usua l  approach c o n s i s t s  o f  e x t r a c t i n g  t h e  
e s s e n t i a l  f e a t u r e s  o f  pore  s t r u c t u r e  by i n t r o d u c i n g  d i s t r i b u t i o n s  f o r  such 
s i n g l e  parameters as po re  s i z e ,  po re  shape, and o the rs .  S ince we assume 
t h a t  we a r e  d e a l i n g  w i t h  i s o m e t r i c  m a t e r i a l s  and t h e r e f o r e  w i t h  symmetr ic  
d i  s t r i  b u t  i ons o f  s i z e  and shape parameters,  we r e p r e s e n t  t h e  d i  s t r i  b u t i  ons 
by t h e i r  mean values.  

The use o f  po re  c h a r a c t e r i s t i c s  f o r  t h e  f o r m u l a t i o n  o f  p e r m e a b i l i t y  i s  t h e  
most d i r e c t  approach o f  t h e  t h r e e  v a r i a b l e  s e t s  proposed i n  t h i s  paper. 
S ince f l u i d  f l o w  i s  e n t i r e l y  by way of po re  channels,  a  q u a n t i t a t i v e  
d e s c r i p t i o n  o f  t h e  po re  network shou ld  l e a d  t o  an a c c u r a t e  s e t  o f  m a t e r i a l  
p r o p e r t i e s  f o r  t h e  r e l a t i o n s h i p  o f  po re  s t r u c t u r e  t o  p e r m e a b i l i t y .  

Us ing  P o i s e u i l l e ' s  equa t ion ,  t h e  f l o w  i n  a  channel ' c a n  be d e s c r i b e d  by 

where 

Up = speed o f  f l o w  i n  t h e  p ipe.  

p = v i s c o s i t y  o f  t h e  f l u i d .  

AP = t h e  p r e s s u r e  d i f f e r e n c e  caus ing  t h e  f l ow .  

LP = t h e  l e n g t h  o f  t h e  f l o w  path.  

Kp = a  o a p i l l a r y - s h a p e  f a c t o r  t h a t  v a r i e s  f rom 2 f o r  c i r c u l a r  
c r o s s - s e c t i o n s  t o  3 f o r  r e c t a n g u l a r  c r o s s - s e c t i o n s .  

m  = h y d r a u l i c  r a d i u s ,  d e s c r i b e d  as t h e  r a t i o  o f  t h e  volume t o  area 
o f  t h e  "p ipe" .  

Assuming t h a t  o u r  porous s o l i d  i s  p e r f o r a t e d  by a  network o f  p i p e s  and 
openings o f  v a r i o u s  shapes and w i t h  a  random pore  d i s t r i b u t i o n ,  any p l a n e  
t h r o u g h  t h e  m a t e r i a l  exposes a  c o n s t a n t  f r a c t i o n a l  v o i d  area p r o p o r t i o n a l  
t o  p o r o s i t y  <15>. 

We f u r t h e r  -assume t h a t  t h e  po re  area o f  t h e  s o l i d  can be rep resen ted  by an 
e f f e c t i v e  c r o s s - s e c t i o n a l  area, B A  , where A  i s  t h e  c r o s s - s e c t i o n a l  area 
o f  t h e  s o l i d  normal t o  t h e  macroscopic f l ow  and B i s  t h e  p o r o s i t y  o f  t h e  
m a t e r i a l .  

The f l ow  p a t h  th rough  t h e  s o l i d ,  LP, i s  a c t u a l l y  l o n g e r  t h a n  t h e  e x t e r n a l  
l e n g t h  o f  t h e  porous s o l i d .  There fo re ,  f o r  o t h e r  t h a n  s t r a i g h t  c a p i l l a r i e s  
p a r a l l e l  t o  t h e  f l o w  d i r e c t i o n ,  t h e  r a t i o  Lp/Ls , where LP r e p r e s e n t s  
t h e  a c t u a l  d i s t a n c e  t h r o u g h  which t h e  f l u i d  must pass and Ls i s  t h e  
l e n g t h  o f  t h e  sample, i s  a lways g r e a t e r  t h a n  one. 
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The average f l u i d  vel  
t h e  approach v e l o c i t y  
because t h e  avai  l a b l e  
which t h e  f l u i d  must 
L,. Thus, 

So l v i ng  f o r  U  we get 

o c i t y  Up , w i t h i n  t h e  porous s o l i d ,  i s  g r e a t e r  t han  
, U  , be ing  measured a t  t h e  surface of t h e  sample, 
area f o r  f l o w  i s  o n l y  B A and t h e  d i s tance  through 
pass, LP , i s  g rea te r  than  t h e  apparent path l e n g t h  

We can w r i t e  Darcy ' S  law c14> as, 

L  
S u b s t i t u t i n g  6 Up 3 f o r  U  leads t o  

LP 

L 
s  - K A P  B Up-  - - -  

LP P L s  

S o l v i n g  f o r  K g ives  

By combining Eqs. 7 and 2 we o b t a i n  

which descr ibes  p e r m e a b i l i t y  s o l e l y  as a  f u n c t i o n  o f  t h e  pore network 
w i t h i n  t h e  porous medium. 

Report no. changed (Mar 2006): SM-185-UU



SACLANTCEN SM-185 

LP represen ts  an i d e a l i z e d  f i c t i c i o u s  path l e n g t h  through t h e  s o l i d ,  which 
would be imposs ib le  t o  o b t a i n  d i r e c t l y .  E l e c t r i c a l  measurements a re  
r e q u i r e d  f o r  such an i n d i r e c t  measurement and t h e r e f o r e  a re  d e a l t  w i t h  i n  
more d e t a i l  under t h a t  heading i n  Sect. 2.4. 

2.3 Gra in  C h a r a c t e r i s t i c s  

A second impo r tan t  c h a r a c t e r i s t i c  of a  sediment r e l a t i v e  t o  p e r m e a b i l i t y  i s  
i t s  g r a i n  s ize.  The s i z e  o f  t h e  c o n s t i t u e n t  g ra i ns  f o r  a  g iven  pack ing 
arrangement i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  pore s ize.  To 
i l l u s t r a t e  t h e  s i g n i f i c a n c e  o f  g r a i n  s i z e  on p e r m e a b i l i t y  l e t  us cons ider  
two aggregates o f  un i  f o r m l y  s i zed  spheres, each hav ing i d e n t i c a l  pack ing 
b u t  one made up o f  l a r g e  spheres and t h e  o t h e r  composed of smal l  spheres. 
I f  p a r t i c l e  s i z e  inc reases  w h i l e  t h e  pack ing arrangement remains t h e  same, 
t h e  p o r o s i t y  o f  t h e  aggregate o f  spheres remains cons tan t  bu t  i t s  p e r - J  
m e a b i l i t y  increases.  Th is  r e s u l t s  f rom t h e  f ac t  t h a t  a l though  t h e  f r a c -  / 
t i o n a l  volume o f  pores i s  t h e  same i n  both aggregates o f  spheres, t h e  
number o f  pores among t h e  l a r g e r  spheres decreases w i t h  l / r  , whereas t h e i r  
d iameter  increases w i t h  r . 
The f l o w  th rough  l a r g e r  pores inc reases  w i t h  ? : 

r4 (P2 - p1 ) 
Q = f l o w  = II 

8 u  L  

Pe rmeab i l i t y  i nc reases  because t h e  s i zes  of t h e  pores have inc reased  and 
f r i c t i o n a l  w a l l  e f f e c t s  a re  l e s s  impor tan t  i n  l a r g e r  pores <16>. Jackson 
e t  a1 <11> conf i rmed by exper iments t h a t  g r a i n  s i z e  indeed had l i t t l e  t o  do 
w i t h  p o r o s i t y  w h i l e  n o t i n g  g r e a t l y  reduced permeabi l  i t i e s  i n  f i n e  g ra ined  
sampl es . 
However, t h i s  i s  no t  t h e  case i n  most n a t u r a l  sediments. It t u r n s  ou t  t h a t  
p o r o s i t y  g e n e r a l l y  increases w i t h  decreas ing g r a i n  s i ze ,  f o r  uncon- 1 
s o l  i da ted ,  uncompacted sediments (F ig .  1)  <17>. Th is  phenomenon i s  due 
p r i m a r i l y  t o  a  d i s t i n c t  change i n  g r a i n  shape as sediment s i zes  move f rom 
sand t o  c lay .  The f i g u r e  shows t h a t  o n l y  sands can be represented ade- J 
q u a t e l y  by hard sphere pack ing model S. Sand-sized p a r t i c l e s  a re  g e n e r a l l y  
sphe r i ca l ,  w h i l e  c l a y s  a re  more card - l  i k e  (F ig .  2) <17> and d i f f i c u l t  t o  
ar range i n  a  dense packing. Th is  i nhe ren t  d i f f e r e n c e  i n  g r a i n  shape g ives  
r i s e  t o  h i ghe r  p o r o s i t i e s  i n  non-compacted c l a y s  than  i n  non-compacted 
sands. 

Pe rmeab i l i t y  i s  i n f l u e n c e d  by g r a i n  shape i n  much t h e  same way as p o r o s i t y .  
The conduct ion paths a re  most t o r t u o u s  (i .e., hav ing g rea te r  r e s i s t a n c e )  i n  
p l a t e y ,  sha ley samples than i n  t h e  more sphe r i ca l  sandy samples a t  a  g iven  
p o r o s i t y  <11>. Th is  cou ld  be because sphe r i ca l  sand g ra i ns ,  arranged i n  a  
more ordered fash ion,  p rov i de  more d i r e c t  paths th rough  t h e  m a t e r i a l  than  
t h e  random d i s t r i b u t i o n  p rov ided  by t h e  an i  somet r i c  sha ley g ra ins .  

I n  o rde r  t o  d e r i v e  a  s e t  of v a r i a b l e s  t h a t  a c c u r a t e l y  descr ibes  pe r -  J 
m e a b i l i t y  w i t h  respec t  t o  g r a i n  p r o p e r t i e s ,  we begin  w i t h  t h e  assumption 
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F I G .  1 VARIATION OF POROSITY WITH PARTICLE DIAMETER 
A f t e r  <16> 
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t h a t  def  i n i  t e  numeri ca l  equi  va l  ences e x i  s t  between pore s t r u c t u r e  and g r a i  n  
s t r u c t u r e .  From t h i s  assumption we begin w i t h  Eq. 8  t h a t  descr ibes p e r - /  
meabi l i t y  as a  f u n c t i o n  o f  pore network v a r i a b l e s  : 

Attenborough <13> expe r imen ta l l y  determined t h a t  t he  re1 a t i o n s h i p  between 
h y d r a u l i c  rad ius ,  m , and g r a i n  diameter,  d , f o r  a  pack ing o f  i d e n t i c a l  
spheres i s  g iven by 

By combining Eqs. 8  and 9 we e f f e c t i v e l y  e l i m i n a t e  t h e  h y d r a u l i c  r ad ius  and 
o b t a i n  

Our porous s o l i d  i s  sa id  t o  be an aggregate o f  g ra i ns  t h a t  i s  randomly 
i n t e r s e c t e d  by a  network o f  c a p i l l a r i e s  through which f l u i d  i s  d i rec ted .  
The h y d r a u l i c  t o r t u o s i t y ,  T  , (a measure o f  t he  inc rease  i n  f l o w  res i s tance  
due t o  t h e  prolonged, r e a l  pa th  l e n g t h )  i n  such a  f l u i d - f i l l e d  porous 
medium w i l l  be t h e  r a t i o  o f  t h e  f l o w  leng th ,  LP , t o  t h e  sample leng th ,  
Ls , d i v i d e d  by t h e  o v e r a l l  pore volume present  i n  t h e  sample ( p o r o s i t y )  
<6>. Thus, 

and combining Eqs. 10 and 11 we o b t a i n  

Equat ion 12 descr ibes  p e r m e a b i l i t y  i n  terms of g r a i n  and pore var iab les .  
I n  o rder  t o  t o t a l l y  e l i m i n a t e  t h e  pore shape v a r i a b l e  (Kp) we would have 
t o  i n t r oduce  another  shape var iab le .  Th is  would no t  on l y  make t h e  f i n a l  
d e r i v a t i o n  more complex bu t  would a l so  a i d  i n  making t h e  f i n a l  equa t ion  
l e s s  p rec ise ,  f o r  i t  i s  e a s i e r  t o  descr ibe  numer i ca l l y  t h e  two-dimensional 
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geometric cross-sect ion o f  a pore space than t o  assign a value t o  a th ree-  /' 
dimensional gra in.  

2.4 E l e c t r i c a l  Character i  s t i  CS 

Using e l e c t r i c a l  r e s i s t i v i t y  as a means o f  fo rmula t ing  pe rmeab i l i t y  i s  one 
of t he  most recent advances i n  geotechnological eva lua t ion  o f  sea f l oo r  
sediments. Here we suggest a method o f  ob ta in ing  pe rmeab i l i t y  (which i s  
d i f f i c u l t  t o  measure) from r e s i s t i v i t y  (which i s  easy t o  measure). 

As e a r l i e r  noted, some o f  t he  physical  mater ia l  c h a r a c t e r i s t i c s  needed t o  
determine pe rmeab i l i t y  i n  unconsol idated marine sediments are r a t h e r  d i f -  J 
f i c u l t  t o  measure. I n  s i t u  measurements w i t h  t h e  prev ious ly  described 
methods are impossible and sampling techniques o f t e n  make labo ra to ry  eva- * 
l u a t i o n s  inaccurate. It would be c l e a r l y  des i rab le  t o  f i n d  a general r e l a -  V 
t i o n s h i p  between permeabi 1 i t y  and more e a s i l y  measured proper ty .  
E l e c t r i c a l  r e s i s t i v i t y  appears t o  be one such property.  Conduction o f  
e l e c t r i c i t y  through porous rock saturated w i t h  a conduct ive pore f l u i d  i s  
by way o f  i o n i c  conduction (movement o f  ions through the  f l u i d ) ,  assuming 
t h a t  t he  porous frame mater ia l  acts  as an i nsu la to r .  Such i s  t he  case i n  
marine sediments, due t o  t h e  h i g h l y  conduct ive nature o f  the  s a l i n e  pore 
f l u i d  and the  h i g h l y  i s o l a t i n g  nature o f  t h e  rocks. 

I f  the  movement o f  ions through pore f l u i d s  i s  in f luenced by the  same sedi -  / 
ment p rope r t i es  t h a t  govern the  f low o f  the  pore f l u i d s ,  we might expect 
pe rmeab i l i t y  and r e s i s t i v i t y  o f  a given rock t o  be r e l a t e d  d i r e c t l y .  I n  
f a c t  many experiments <11, 18> have given overwhelming evidence o f  t he  
v a l i d i t y  o f  t h i s  assumption. Laboratory experiments ~ 1 5 ,  19, 20> have 
shown a p r o p o r t i o n a l i t y  between the  r e s i s t i v i t y  o f  t h e  f l u i d - f i l  l e d  matri X 
(Rs) and the  r e s i s t i v i t y  o f  t h e  f l u i d  i t s e l f  (Rf):  

The constant o f  p r o p o r t i o n a l i t y ,  F , i s  c a l l e d  t h e  format ion f a c t o r  and i s  
a pure mater ia l  constant. It expresses t h e  increase i n  r e s i s t i v i t y  t h a t  i s  
caused by the  ions having t o  f o l l o w  a more complicated path through t h e  
porous network than through a pure f l u i d .  

The format ion f a c t o r  i s  o f  a dimensionless magnitude greater  than one. It 
describes the  behaviour o f  t he  porous medium concerning a l l  t r anspor t  phe- 
nomena. The r a t e  o f  f l u i d  o r  i o n i c  t ranspor t  i s  p ropo r t i ona l  t o  t he  cross- W" 
sec t iona l  area o f  t h e  t ranspor t  duct and i nve rse l y  p ropor t iona l  t o  t h e  
l eng th  o f  t he  duct, provided t h a t  the  t ranspor t  takes p lace i n  t he  pore 
space only,  avoid ing the  s o l i d  ma t r i x  <18>. 

I n  many cases, such as conduct ive shaley rocks o r  when pore f l u i d s  are low- J 
conduct ive f resh  waters, l a rge  dev ia t ions  can occur i n  t h e  expected f o r -  J 
mat i on f a c t o r  p ropor t iona l  i ty .  While these extreme dev ia t ions  are o f  
s i g n i f i c a n t  importance t o  geologis ts ,  who t e s t  r e s i s t i v i t y  o f  subsurface 
rock formations wi thout  p r i o r  knowledge o f  t he  composit ion o f  t h e  pore 
f l u i d ,  i t  i s  o f  l i t t l e  importance t o  marine studies. Pore f l u i d s  i n  
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mar ine sediment d i s p l a y  a very  cons tan t  r e s i s t i v i t y  and changes occur  on l y  
gradual  l y  over  ext remely  l a r g e  d i  stances. Furthermore, marine sa l  i ne so lu -  
t i o n s  a re  ext remely  conduc t i ve  and t he re fo re  any conduc t ion  by way o f  t h e  

J 
s o l i d  medium i s  n e g l i g i b l e .  

The e l e c t r i c a l  r e s i s t a n c e  of such a f l u i d - f i l l e d  porous medium, assuming a 
random pore d i s t r i b u t i o n ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e s i s t i v i t y  o f  
t h e  pore f l u i d  and t h e  Lp/Ls r a t i o ,  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
sample p o r o s i t y  <15>: 

Combining Eqs. 13 and 14 we o b t a i n  

S u b s t i t u t i n g  t h e  r a t i o  Rs /R f  i n t o  Eq. 8 y i e l d s  

which can be w r i t t e n  <15>, us i ng  Eq. 13 as 

By combining Eqs. 9 and 17 we d e r i v e  t h e  f i n a l  equa t ion :  

Because g r a i n  and pore v a r i a b l e s  a re  bo th  used i n  Eq. 18 i t s  main advantage 
over  p rev ious  equat ions i s  t h a t  a l l  t he  v a r i a b l e s  a re  r e a d i l y  measurable 
i n  s i t u  w i t h o u t  s u b s t a n t i a l  l y  a1 t e r i n g  pore shape geometries. 

3 EXPERIMENTAL EVIDENCE 

The l a b o r a t o r y  data used f o r  v e r i f i c a t i o n  were c o l l e c t e d  from t h e  pub l i shed  
and unpubl ished l i t e r a t u r e  t o  be c i t e d .  A l though no t  conc lus ive ,  t h e  
c o l l e c t e d  data do g i v e  evidence suppo r t i ng  t h e  v a l i d i t y  o f  t h e  equat ion.  
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3.1 Glass beads data 

An unpuhl i shed permeabi l i ty  study <21> o f  unconsol i dated packed g1 ass beads 
f r a n  the  US Naval Oceanographic Research and Development A c t i v i t i e s  Center 
(NORDA) p rov ided  t he  f i r s t  u s e f u l  i n f o rma t i on .  The s tudy cons i s ted  of 
de te rmin ing  permeabi l i ty  and p o r o s i t y  of eleven samples canposed of g lass  
heads 0.039 an i n  diameter (Table 1 ) .  Given these t h ree  v a r i a b l e s  f o r  each 
o f  the samples analyzed and assuming a pore shape f a c t o r ,  KO, of 2.5 i t  
was poss ib l e  t o  c a l c u l a t e  t he  fo rmat ion  f a c t o r  of t he  va r i ous  samples 
(Table 1 )  u s i n g  Eq. 18. 

The c a l c u l a t e d  f o rma t i on  f a c t o r s  f e l l  w 1 1  w i t h i n  the  range g iven  i n  <11> 
f o r  g lass  spheres w i t h  p o r o s i t i e s  between 34% and 38% (F ig .  3 ) .  

TABLE 1 

PERMEABILITY, POROSITY, AND CALCULATED FORMATION FACTORS 
FOR DIFFERENT SIZES OF PACKED GLASS BEADS 

(Unpubl ished NORDA data)  

BEAD SIZE 
( a n d i m )  

0.039 
0.039 
0.039 
0.039 
0.039 
0.039 
0.039 
0.039 
0.039 
0.039 
0.039 

FORMATION FACTOR 
( r a t i o  va lue)  

3.34 
3.70 
3.76 
3.67 
3.59 
3.76 
3.67 
3.59 
3.12 
3.76 
3.30 

PERMEABILITY 
( x 1 0 - 6 m 2 )  

1.31 
1.10 
1.05 
1.01 
1.09 
1 .l1 
1.03 
1.06 
1.48 
1.05 
1.30 

POROSITY 
(% 

35.6 
36.2 
35.2 
35.7 
35.7 
36 .O 
35.2 
35.2 
35.7 
35.2 
35.2 
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A: SPHERES 
B: ROUNDED QUARTZ SAND 
C: PLATEY SAND 
D: MIXTURE OF SPHERES 8 SHELLS 

( 1  TO 1 R A T I O )  
E: SHELL FRAGMENTS 

F I G .  3 
FORMATION FACTOR VERSUS 
POROSITY FOR A R T I F I C I A L  
SAMPLES OF DECREASING 
SPHERICITY .  After <11> 

1 
40 50 60 70 80 90 100 

POROSITY (%) 

3.2 Natu ra l  sands data 

C r o f t  <9> pub l i shed  t he  on l y  a v a i l a b l e  data l i s t i n g  p o r o s i t y ,  g r a i n  s ize ,  
permeabil i t y ,  and fo rmat ion  f a c t o r  f o r  a  group o f  sediment samples. The 
r e s u l t s  c a l c u l a t e d  f o r  permeabil i t y  were c o n s i s t e n t l y  h igh  by a  f a c t o r  o f  
approx imate ly  5  f o r  t h e  e i g h t  samples t e s t e d  (Table 2). As shown i n  Fig. 4 
<22>, t h e  range of p e r m e a b i l i t y  of s i l t s  t o  g rave ls  i s  o f  7 o rders  o f  
magnitude but  a  f a c t o r  o f  5  should be acceptable i n  most s tud ies  <10>. 

Because c a l c u l a t e d  permeabi l i t i e s  were c o n s i s t e n t l y  f i v e  t imes h igher  than 
those measured, it was poss ib l e  t o  i n t r oduce  a  c o e f f i c i e n t  o f  0.2 i n t o  t h e  
equat ion  t o  a d j u s t  t h e  c a l c u l a t e d  p e r m e a b i l i t i e s  t o  w i t h i n  16% o r  l e s s  o f  
those measured (Table 2). Th is  f ac to r  o f  0.2 was chosen a r b i t r a r i l y  t o  f i t  
t h e  l i m i t e d  l a b o r a t o r y  data a v a i l a b l e ;  i t  may no t  be a p p l i c a b l e  over a  
wider  range o f  data. However, t h e  use o f  some c o r r e c t i o n  f a c t o r  might  be 
needed i n  a  s i m i l a r  f ash ion  f o r  o t h e r  data. 

There are two pr imary reasons why a  c o e f f i c i e n t  o f  0.2 might  be needed t o  
a d j u s t  t h e  c a l c u l a t e d  p e r m e a b i l i t i e s  so t h a t  t hey  might  agree more c l o s e l y  
w i t h  those measured. F i r s t ,  t h e  very process o f  measuring t h e  r e s i s t i v i t y  
o f  subsurface f ea tu res  lends i t s e l f  t o  a  v a r i e t y  o f  ma l func t ions  and 
e r ro r s .  I f  t h e  process i s  no t  done c a r e f u l l y  t h e  r e s u l t i n g  measurements 
can be i n c o r r e c t  by a  s u b s t a n t i a l  margin. Th is  does not, however, appear 
t o  be t h e  case here: t h e  systemat ic  d i f f e r e n c e  between c a l c u l a t e d  and 
measured p e r m e a b i l i t i e s  i n d i c a t e s  a  systemat ic  in f luence.  
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TABLE 2 

MEASURED, CALCULATED, AND ADJUSTED P E R M E A B I L I T I E S  OF EIGHT SAMPLES OF 
NATURAL SAND DEPOSITS <9> 

PERMEABILITY (k) 

FIG.  4 
RANGES OF HYDRAULIC 
CONDUCTIVITY AND 
PERMEABILITY 
After <10> 

ADJUSTED PERMEABILITY 
( ~ 3  10-~ ) 

1.32 

1.76 

2.20 

2.60 

3.60 

4.40 

6.03 

12.60 

CALCULATED PERMEABlLITY 
(cm2 X I O - ~  ) 

6.6 

8.8 

11.0 

13.0 

18.0 

22.0 

30.0 

63.0 

MEASURED PERMEABILITY 
(cm2 X I O - ~ )  

1.14 

1.57 

2.10 

2.70 

3.61 

4.50 

6.21 

14.10 

GRAIN SIZE 
(cm diam) 

0.021 

0.025 

0.030 

0.035 

0.045 

0.050 

0.060 

0.089 

POROSITY 
( X )  

41.5 

41.5 

41.5 

41.5 

41.5 

41.5 

41.5 

41.5 

FORMATION FACTOR 
(ratio value) 

3.0 

3.1 

3.25 

3.55 

3.9 

3.93 

4.0 

4.1 

PORE 
SHAPE 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 
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3.3 S o r t i n g  da ta  

The second p o s s i b i l i t y  f o r  such a  c o n s i s t e n t  v a r i a t i o n  i n  p e r m e a b i l i t y  and 
t h e  need f o r  a  c o r r e c t i o n  f a c t o r  i s  t h e  idea  of g r a i n  s i z e  d i s t r i b u t i o n ,  
b e t t e r  known as s o r t i n g .  It seems l o g i c a l  t h a t  i f  t h e r e  a re  two g r a i n  
s i zes ,  t h e  pores between t h e  l a r g e r  g ra i ns  w i l l  be f i l l e d  w i t h  t h e  sma l l e r  
g ra ins .  It a l s o  seems reasonable t o  be1 i e v e  t h a t  averag ing these two g r a i n  
s i zes  would no t  g i ve  a  r e l i a b l e  e s t i m a t i o n  of t h e  developed pore 
geometr ies,  f o r  i t  i s  p r i m a r i l y  t h e  i n f i l l i n g  of t h e  smal l  g r a i n s  between 
t h e  l a r g e  g ra i ns  t h a t  i s  r espons ib l e  f o r  l i m i t i n g  p e r m e a b i l i t y  (F ig .  5). 

F I G .  5 
TWO SEDIMENT SAMPLES OF THE 
SAME AVERAGE GRAIN S I Z E  BUT 
DIFFERENT P E R M E A B I L I T I E S  

Using t h e  median d iameter  o f  t h e  g r a i n s  does no t  seem t o  adequate ly  
desc r i be  g r a i n  r e l a t i o n s h i p s  i n  sediments t h a t  possess more t han  one 
d i s t i n c t i v e  g r a i n  s i ze .  Beard and Weyl <23> showed t h a t  f o r  a r t i f i c i a l l y  
mixed sands w i t h  a  common median g r a i n  s i ze ,  p e r m e a b i l i t y  decreased by as 
much as a  f a c t o r  o f  30, f rom ext remely  w e l l  so r t ed  t o  very p o o r l y  so r t ed  
sands (Table  3). 

TABLE 3  

AVERAGE PERMEABILITIES OF ARTIFICIALLY MIXED, WET-PACKED SAND <23> 

Extremely we1 l sorted 

Very we1 l sorted 

Well sorted 

Moderate1 y  sor ted  

Poor ly sorted 

Very poor ly  sor ted  

1.00 0.50 0.25 0.13 0.06 
Median diameter (mm) 

AVERAGE PERMEABILITY (darcy ) 
Coarse 

457 

458 

302 

110 

45 

14 

Medi um 

119 

115 

76 

28 

12 

3.5 

Fine 

30 

29 

19 

7.0 

3.7 

0.83 

Very f i n e  

7.4 

7.2 

4.7 

2.1 

0.93 

0.21 
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Ward <24> determined permeabi l i t y  values f o r  d i  f f e r e n t  mediums and re1 a ted  
these  values t o  t h e  geometr ic standard d e v i a t i o n  and mean g r a i n  s i z e  of t h e  
samples. The r e s u l t s  revealed t h a t  t h e  p e r m e a b i l i t y  increased w i t h  
i n c r e a s i n g  mean p a r t i c l e  diameters and decreased w i t h  i n c r e a s i n g  geometr ic 
s tandard d e v i a t i o n  values f o r  t h e  same mean p a r t i c l e  diameter. 

Masch and Denny <25>, us i ng  unconsol i d a t e d  a r t i  f i c a l  l y  mixed sand, systema- X 
t i c a l  l y  v a r i e d  t h e  values o f  numerous s t a t i s t i c a l  va r i ab les ,  i n c l u d i n g  
g r a i n  s i z e  and g r a i n - s i z e  d i s t r i b u t i o n ,  and evaluated t h e  corresponding 
permeabi 1  i t i e s .  Thei r conc lus ions concern ing g r a i n - s i z e  d i s t r i b u t i o n  were 
t h a t  i t  was obvious t h a t  t h e  g rea te r  t h e  range between t h e  l a r g e s t  and t he  
smal l e s t  p a r t i c l e s ,  t h e  g r e a t e r  i s  t h e  o p p o r t u n i t y  f o r  i n t e r s t i t i a l  
c l ogg ing  t o  occur w i t h i n  p a r t i c l e  c l us te r s .  It fo l lows  then  t h a t  t h e r e  
would be much l ess  f l o w  area and consequent ly lower  p e r m e a b i l i t y  values f o r  
samples cha rac te r i zed  by l a r g e  dev ia t i ons  i n  g r a i n  s ize .  

To f u r t h e r  i l l u s t r a t e  t h e  idea o f  s o r t i n g  and i t s  e f f e c t s  on pe rmeab i l i t y ,  
fo rmat ion  f a c t o r s  were c a l c u l a t e d  f o r  a  s e r i e s  o f  l a b o r a t o r y  samples f o r  
which permeabi l i ty, p o r o s i t y ,  and median g r a i n  s i z e  were a v a i l a b l e  
(Table 4). Each o f  t he  samples was unsor ted and e x h i b i t e d  a  gaussian- l  i k e  
s i z e  d i s t r i b u t i o n  s i m i l a r  t o  t h a t  of t h e  Ottawa Sand. 

The c a l c u l a t e d  f o rma t i on  f a c t o r s  were much h ighe r  than  those of Jackson's 
<11> when the  mean g r a i n  s i z e  was used i n  t h e  c a l c u l a t i o n s  (Fig.  3). Higher 
f o rma t i on  f a c t o r s  i n d i c a t e  lower  permeabi l i t i e s .  I n  o rder  t o  a d j u s t  t h e  
c a l c u l a t e d  format ion f a c t o r s  so t h a t  they  f i t t e d  we l l  i n t o  t h e  exper imenta l  
range denoted by Jackson i t  was necessary t o  decrease t h e  mean g r a i n  s i z e  
from 0.039 cm d iameter  t o  0.026 cm (Table 4). Such an adjustment would 
a1 so be needed t o  c o r r e c t  ca l  c u l  a ted  permeabi l it  i es , because t h e  presence 
o f  sma l le r  g ra i ns  i n  t h e  vo ids between l a r g e r  g ra i ns  i s  p r i m a r i l y  respon-c/  
S - i b l e  f o r  measured p e r m e a b i l i t i e s  t h a t  are lower  than those c a l c u l a t e d  
us ing  t h e  mean g r a i n  s ize.  

INTERDEPENDENCE OF VARIABLES 

The s e n s i t i v i t y  t h a t  p e r m e a b i l i t y  e x h i b i t s  t o  each o f  t h e  p r e v i o u s l y  
discussed v a r i a b l e s  i s  o f  pr imary importance i n  t h e  development of f u t u r e  
sampl ing techniques, as w e l l  as i n  a  b e t t e r  understanding o f  t h e  r o l e  t h a t  
each v a r i a b l e  p l ays  i n  t h e  de te rmina t ion  o f  f l u i d  f l o w  through porous 
medi a. 

Through a  s e r i e s  o f  computer-generated p l o t s  r e l a t i n g  each of t h e  v a r i a b l e s  
( p o r o s i t y ,  g r a i n  diameter,  pore shape, and fo rmat ion  f a c t o r )  t o  per-  ' 
meabi l i t y ,  each was ranked accord ing t o  i t s  r e l a t i v e  i n f l u e n c e  on per -  
m e a b i l i t y .  Th is  was accomplished by va ry i ng  one v a r i a b l e  i n  t h e  general 
equa t ion  w h i l e  t h e  o the rs  were l e f t  constant  and p l o t t i n g  t h e  r e s u l t i n g  
v a r i a t i o n s  i n  p e r m e a b i l i t y  versus t he  changes i n  t h e  va r i ab le .  
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TABLE 4 

FORMATION FACTORS CALCULATED FROM AVAILABLE LABORATORY MEASUREMENTS OF 
PERMEABILITY AND POROSITY 

PERMEAtILIJY 
( X  10- cm ) 

0.800 
0.661 
0.761 
0.811 
1.035 
0.951 
0.865 
1.373 
1.282 
1.198 
1.193 
1.051 
0.934 
0.817 
0.732 
1.241 
1.167 
1.074 
0.990 
0.676 
0.761 
1.475 
1.448 
1.372 
1.285 
1.219 
1.198 
1.056 
0.969 
1.418 
1.417 
1.332 
1.242 
1.117 
1.032 
0.979 
0.890 
0.820 
0.765 
0.662 
0.662 
0.760 

POROSITY 
(%> 

0.441 
0.432 
0.435 
0.439 
0.466 
0.457 
0.447 
0.492 
0.483 
0.476 
0.474 
0.465 
0.454 
0.444 
0.433 
0.490 
0.478 
0.466 
0.456 
0.433 
0.438 
0.496 
0.490 
0.485 
0.479 
0.472 
0.467 
0.458 
0.452 
0.496 
0.493 
0.487 
0.480 
0.468 
0.463 
0.457 
0.451 
0.445 
0.440 
0.472 
0.418 
0.429 

r 

FORMATION FACTOR 

S i z e  0.039 cm 

5.46 
5.85 
5.50 
5.39 
5.17 
5.23 
5.34 
4.84 
4.88 
4.95 
4.93 
5.11 
5.25 
5.45 
5.58 
5.06 
5.18 
5.07 
5.13 
5.98 
5.55 
4.73 
4.69 
4.75 
4.82 
4.84 
4.82 
4.99 
5.12 
4.82 
4.78 
4.85 
4.91 
5.00 
5.13 
5.17 
5.33 
5.46 
5.57 
5.76 
5.61 
5.41 

(MEDIAN GRAIN) 

S i z e  0.026 cm 

3.64 
3.90 
3.67 
3.59 
3.44 
3.50 
3.56 
3.23 
3.25 
3.30 
3.28 
3.41 
3.50 
3.63 
3.72 
5.31 
3.36 
3.38 
3.42 
3.99 
3.70 
3.15 
3.13 
3.16 
3.20 
3.23 
3.21 
3.33 
3.42 
3.22 
3.19 
3.23 
3.28 
3.33 
3.42 
3.45 
3.55 
3.64 
3.71 
3.84 
3.74 
3.61 
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4.1 I n f l uence  o f  p o r o s i t y  

The equat ion 

expresses t he  v a r i a t i o n  o f  permeabi l i t y  w i t h  po ros i t y .  The mathematical 
f u n c t i o n  r e l a t i n g  the  two i s  t h i r d  degree and p l o t s  l i n e a r l y  on semi- J 
l o g a r i t h m i c  paper, as shown i n  Fig.  6a. Pe rmeab i l i t y  va r i es  h a l f  an o rder  

2 o f  magnitude ( f rom 0.05 X 10 -~  cm2 t o  5.5 X 10 -~  cm ) over a  range o f  poro- x 
s i t i e s  from 30% t o  53%. This  i s  l o g i c a l ,  f o r  as p o r o s i t y  increases vo id  
space increases and f l o w  area becomes g rea te r  and l e s s  r e s t r i c t i v e .  

4.2 I n f l u e n c e  o f  g r a i n  s i z e  

Pe rmeab i l i t y  exhi  b i t s  a  marked s e n s i t i v i t y  v a r i a t i o n  over a  range of g r a i n  
s i zes  from s i l t  t o  f i n e  g rave ls  (0.001 cm t o  0.023 cm d iameter) ,  as shown 
i n  Fig. 6b. As g r a i n  s ize,  d  , increases from s i l t - s i z e  p a r t i c l e s  t o  
g rave l  - s i ze  p a r t i c l e s ,  pe rmeab i l i t y  increases by over two o rders  of magni - , 

2 tude, from l X 10'~ cm2 f o r  s i l t  t o  5  X 104 cm f o r  gravels .  According t o  
t h e  equat ion 

p e r m e a b i l i t y  va r i es  by a  power o f  two w i t h  changes i n  g r a i n  s ize.  As one 
might  i n t u i t i v e l y  guess, as g r a i n  s i z e  increases so do t h e  pore s i zes  be t -  
ween them, t h e r e f o r e  i nc reas ing  pe rmeab i l i t y .  

4.3 I n f l u e n c e  o f  pore shape 

The range over which pore shape i s  a l lowed t o  vary w i t h i n  t h e  equat ion 

i s  l i m i t e d  (2.0 f o r  c i r c u l a r  pores t o  3.0 f o r  r ec tangu la r  pores)  and 
i n f l u e n c e s  permeabi l i t y  on ly  s l  i gh t l y .  As t he  pore-shape f a c t o r  increases 

f rom 2.0 t o  3.0, p e r m e a b i l i t y  decreases f rom 3 . 1 ~ 1 0 ' ~  cm2 t o  
2 2.1 X 10-' cm (F ig .  6c). Such an i nve rse  r e l a t i o n s h i p  seems reasonable, 

f o r  as pore shapes change from c i r c u l a r  (2.0) t o  r ec tangu la r  (3.0) they  
become more r e s t r i c t i v e  t o  f l o w  and thus  r e s u l t  i n  lower  pe rmeab i l i t y .  
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4.4 I n f l u e n c e  o f  t h e  f o rma t i on  f a c t o r  

Pe rmeab i l i t y  exhi  b i t s  an inverse-square r e l a t i o n s h i p  t o  t h e  f o rma t i on  f ac -  
t o r ,  as s t a t e d  i n  t h e  equa t ion  

As t h e  fo rmat ion  f a c t o r  increases from 1.5 t o  4.0, p e r m e a b i l i t y  decreases 
2 2 f rom 1.5 X 10-' cm t o  2  X l f 5  cm (F ig .  6d). Th is  i s  because t he  f o r -  1/ 

mat ion  f a c t o r  i s  a  measure o f  t he  r es i s t ance  t h a t  t he  rock e x h i b i t s  t o  
e l e c t r i c  f l o w  and p e r m e a b i l i t y  i s  t h e  measure o f  f l u i d  c o n d u c t i v i t y  th rough  
t h e  rock. 

4.5 Ranking of the  v a r i a b l e s  

Ranking o f  t he  d iscussed v a r i a b l e s  w i t h  respect  t o  t h e i r  r e l a t i v e  i n f l u e n c e  
on p e r m e a b i l i t y  i s  o f  importance f o r  de te rmin ing  t h e  accuracy w i t h  which 
measurements have t o  be performed. When deve lop ing  new and advanced machi - 1' 
nery  and techniques f o r  sampling, two t h i n g s  should  be h i g h l y  s c r u t i n i z e d .  
F i r s t ,  t h e  accuracy o f  t h e  p r e v i o u s l y  adopted methods and second, t h e  sen- 
s i t i v i t y  t h a t  p e r m e a b i l i t y  exh i  b i t s  t o  t he  sampled va r i ab l e .  

4.5.1 Gra in  s i z e  

The parameter t o  which p e r m e a b i l i t y  e x h i b i t s  i t s  h ighes t  s e n s i t i v i t y  i s  
g r a i n  s i ze .  Pe rmeab i l i t y  v a r i e s  two and a  h a l f  o rders  of magnitude over a  
g r a i n  s i z e  range o f  s i l t  t o  g rave l  (F ig .  6b). Accord ing ly ,  t h e  accuracy 
w i t h  which g r a i n  s i z e  i s  determined i s  of t he  utmost importance i n  t h e  
c a l c u l a t i o n  o f  permeabil i ty. Sieve ana l ys i  S i s  recommended f o r  proper  ana- v 
l y s i s  o f  bu lk  samples and i s  gene ra l l y  a c c ~ ~ r a t e  t o  w i t h i n  2% t o  3%, 
depending on t h e  g r a i n  s ize.  

4.5.2 Format ion f a c t o r  

The second most impor tan t  v a r i a b l e  used i n  t h e  c a l c u l a t i o n  o f  p e r m e a b i l i t y  
i s  t h e  fo rmat ion  f a c t o r  o f  t h e  porous medium. As t h e  f o rma t i on  f a c t o r  
v a r i e s  f rom 1.5 t o  4.0, t h e  p e r m e a b i l i t y  v a r i e s  by approx imate ly  one o rde r  A 

o f  magnitude (F ig .  6d). The de te rm ina t i on  of t h e  format ion f a c t o r  i s  d i f - l  
f i c u l  t and compl i c a t e d  and procedures vary  d r a s t i c a l l y  f rom sub-mari ne 
measurements t o  sub-surface measurements. 

4.5.3 P o r o s i t y  
/ 

P o r o s i t y  e v a l u a t i o n  i s  almost as impor tan t  as t h e  de te rm ina t i on  o f  t h e  f o r -  d' 

mat ion  f a c t o r  f o r  c a l c u l a t i n g  permeabi l i ty. Permeabi l i t y  v a r i e s  ha1 f an 
o rde r  o f  magnitude over a  p o r o s i t y  range o f  30% t o  53% (F ig .  6a). The 
de te rm ina t i on  o f  p o r o s i t y  i n  t h e  l a b o r a t o r y  i s  very  p r e c i s e  and t h e  
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accuracy r e l a t i v e l y  h igh ;  however, de te rmin ing  p o r o s i t y  i n  s i t u  i s  much 
more d i f f i c u l t .  The use o f  A r c h i e ' s  Law F  = makes use of t h e  f o r -  /" 
mat ion  f a c t o r  f o r  i n  s i t u  p o r o s i t y  de te rmina t ions .  For t h i s  reason t h e  
f o rma t i on  f a c t o r  i s d  above p o r o s i t y  as t h e  second most impor tan t  
i n p u t  parameter i n  t h e  c a l c u l a t i o n  o f  permeabil i t y .  

4.5.4 Pore shape 

Pe rmeab i l i t y  i s  l e a s t  s e n s i t i v e  t o  changes i n  pore shape. Over t h e  e n t i r e  
range o f  pore s izes,  permeabil i t y  v a r i e s  on l y  one t e n t h  o f  an o rder  o f  
magnitude (F ig .  6c). Genera l ly ,  pore shape i s  eva luated v i s u a l l y  by means 
o f  photographs taken o f  i n  s i t u  sediments. 

Th is  i s  of course p a r t i a l l y  s u b j e c t i v e  bu t  i t  i s  g e n e r a l l y  acceptab le  a.s a  
method o f  de te rmina t ion .  However, f o r  most c a l c u l a t i o n s  i t i s  reasonable 
t o  assume a  va lue o f  2.5 f o r  pore shape. 

5  DISCUSSION 

5.1 Exper imental  evidence 

Two se ts  o f  data were used t o  t e s t  t h e  v a l i d i t y  o f  Eq. 18. A l though no t  
conc lus ive ,  t h e  evidence does seems t o  suppor t  t h e  u t i l i t y  o f  t h e  
equat ion.  

The f i r s t  l i n e  o f  evidence suppor t ing  t h e  equa t ion  was t h e  c a l c u l a t i o n  o f  
f o rma t i on  f a c t o r s  f o r  a  s e r i e s  o f  sphe r i ca l  g lass  bead samples. Format ion 
f a c t o r s  were computed us i ng  measured p e r m e a b i l i t i e s ,  p o r o s i t i e s ,  and g r a i n  
s i zes  f o r  each of t h e  samples. The c a l c u l a t e d  format ion f ac to r s  f i t w i t h i n  
t h e  range g iven by Jackson e t  a1 <11> fo r  g lass spheres of approx imate ly  
t h e  same p o r o s i t i e s .  I f  indeed accura te  format ion f a c t o r s  can be ca lcu -  , 
l ated  us i ng  measured permeabi l i t i e s ,  po ros i  t i e s ,  and pore shapes, then  i t  
would seem reasonabl e  t o  assume t h a t  accura te  permeabi l i t  i e s  coul  d  be 
c a l c u l a t e d  us i ng  measured f o rma t i on  fac to rs ,  p o r o s i t i  es, and pore shapes. 

The second l i n e  o f  evidence makes use of c a l c u l a t e d  and measured per -  J 
meabi l  i t i e s  f o r  a  s e r i e s  o f  n a t u r a l  sand samples. Permeabil i t i e s  were 
c a l c u l a t e d  f o r  a  s e r i e s  o f  e i g h t  n a t u r a l  sands us i ng  Eq. 18 and measured 
values o f  p o r o s i t y  and g r a i n  s ize.  The c a l c u l a t e d  r e s u l t s  were then com- / 
pared w i t h  measured p e r m e a b i l i t i e s  f o r  t h e  same samples. The e r r o r  i n  t h e  
c a l c u l a t e d  permeabi l i t i e s  was c o n s i s t e n t l y  a  f a c t o r  o f  approx imate ly  5. 
Such an e r r o r  might  be acceptable,  bu t  by i n t r o d u c i n g  a  c o r r e c t i o n  f ac to r  
i n t o  t h e  formula t h e  e r r o r  was reduced t o  16% o r  l e s s  f o r  each o f  t h e  
sampl es used. 

The need f o r  a  c o r r e c t i o n  f a c t o r  might  p o s s i b l y  stem from a  l a c k  o f  s o r t i n g  
w i t h i n  most n a t u r a l  sediments. As t h e  d i f f e rence  between g r a i n  s i zes  beco-f 
mes g rea te r  i n  unconsol i dated sediments , t h e  poss i  b i  l i t y  of t h e  pores be t  - 9 
ween l a r g e  g r a i n s  be ing  fi 1 l e d  by sma l l e r  p a r t i c l e s  becomes g rea te r .  
Poor l y  so r t ed  rocks possess s u b s t a n t i a l l y  lower  permeabil i t i e s  than w e l l  
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s o r t e d  rocks, even when t h e  median g r a i n  s izes  a re  t h e  same (Table 3). I f  
p e r m e a b i l i t i e s  can be s u b s t a n t i a l l y  d i f f e r e n t  i n  sediments w i t h  i d e n t i c a l  
median g r a i n  s izes,  then t h e  use o f  on l y  median g r a i n  diameters f o r  sed i -  " 
ments t h a t  are not  we l l  so r t ed  cou ld  lead  t o  extraneous c a l c u l a t e d  per -  4 
m e a b i l i t i e s .  

Two methods have been proposed t o  he lp  make t he  c a l c u l a t i o n  o f  p e r m e a b i l i t y  
more accurate i n  samples t h a t  might  no t  compare we l l  w i t h  measured per -  
m e a b i l i t i e s .  F i r s t ,  t h e  use o f  a  c o r r e c t i o n  f a c t o r  o r  c o e f f i c i e n t .  Th is  
method i s  most use fu l  when measured permeabi l i t i e s  a re  a v a i l a b l e  as 
references i n  de te rmin ing  t h e  f a c t o r ,  as was t he  case w i t h  t h e  data i n  
Table 2. When us ing  measured permeabi l i t i e s  t o  c a l i b r a t e  c a l c u l a t e d  per -  J 
m e a b i l i t i e s ,  it i s  impor tan t  t o  r e a l i z e  t h a t  e r r o r  can a r i s e  i n  measwe- 4 
ments as we l l  as i n  c a l c u l a t i o n s .  Therefore,  it might be necessary t o  'use 
severa l  p e r m e a b i l i t y  measurements t o  c a l i b r a t e  t h e  formula t o  f i t  a  par -  
t i c u l a r  area. 

When no measured permeabi l i t i e s  are a v a i l a b l e  t o  compare w i t h  c a l c u l a t e d  
permeabi l  i t i e s ,  t he  f i r s t  method cannot be used and t he  second method i s  
recommended. The second method makes use o f  t h e  knowledge t h a t  t h e  m a t r i x  
of f i n e r  p a r t i c l e s  dominates t h e  p e r m e a b i l i t y  o f  t h e  m a t e r i a l  i n  sediments 
t h a t  are not we l l  sorted. Ca lcu la ted  p e r m e a b i l i t i e s  o f  sediments t h a t  are 
no t  we l l  so r ted  tend t o  be h igher  than  measured p e r m e a b i l i t i e s  when t h e  
sediment 's  median g r a i n  diameter i s  used i n  t h e  formula. Ca l cu la ted  per-  I/ 
m e a b i l i t i e s  us ing  a  g r a i n  diameter sma l le r  than t h e  sediment 's  median g r a i n  
diameter would tend t o  agree more c l o s e l y  w i t h  those measured. To d e t e r -  d 
mine t h e  g r a i n  s i z e  t o  be used, a  knowledge o f  t he  s o r t i n g  would be 
necessary. For we l l  so r ted  sediments t he  g r a i n  diameter t o  be used i n  t he  
formula would compare c l o s e l y  t o  t h e  median g r a i n  diameter. As sediments 
become more p o o r l y  so r ted  t h e  g r a i n  diameter used i n  t h e  formula would 
become p rog ress i ve l y  sma l le r  than  t h e  median g r a i n  diameter of t h e  
ma te r i a l .  An in -dep th  study o f  s o r t i n g  and i t s  e f f e c t s  upon p e r m e a b i l i t y  
might  poss ib l y  subs tan t i a te  these ideas. 

5.2 I n te rde~endence  o f  va r i ab les  

The graphs r e l a t i n g  each o f  t h e  va r i ab les  t o  p e r m e a b i l i t y  (F ig .  6) 
i l l u s t r a t e d  how, and t o  what degree, pe rmeab i l i t y  was a f f e c t e d  by changes 
i n  t he  i n d i v i d u a l  va r iab les .  The va r i ab les  were then ranked accord ing  t o  
t h e i r  r e l a t i v e  i n f l u e n c e  on pe rmeab i l i t y .  It i s  necessary t o  understand 
which v a r i a b l e  a f f e c t s  pe rmeab i l i t y  t h e  most, so t h a t  e f f o r t s  can be made 
t o  improve t h e  accuracy o f  i t s  determinat ion.  

Pe rmeab i l i t y  i s  most s e n s i t i v e  t o  changes i n  g r a i n  s i ze ;  over  a  s e r i e s  o f  
g r a i n  s izes  ranging from s i l t s  t o  smal l  g rave ls  i t  va r i ed  over  two o rders  
o f  magnitude. 

The second most impor tan t  v a r i a b l e  i s  t he  fo rmat ion  f a c t o r :  as i t  va r i ed  
f rom 1.5 t o  4.0, pe rmeab i l i t y  was found t o  vary by approx imate ly  one o rder  
o f  magnitude. 

Poros i t y ,  l ess  impor tan t  than g r a i n  s i z e  and t h e  fo rmat ion  f a c t o r  i n  t h e  
c a l c u l a t i o n  of permeabi l i t y  , i s  nonetheless o f  pr imary concern i n  accura te  
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determinat ions.  For changes i n  p o r o s i t y  o f  f rom 30% t o  53%, p e r m e a b i l i t y  
v a r i e d  h a l f  an o rde r  of magnitude. 

Pore shape a f f e c t e d  p e r m e a b i l i t y  t h e  l e a s t  among t h e  v a r i a b l e s  reviewed. 
Over t h e  e n t i r e  range o f  pore shapes (2.0 t o  3.0) p e r m e a b i l i t y  v a r i e s  by 
o n l y  one t e n t h  of an o rde r  of magnitude. 

The rank ing  o f  t h e  v a r i a b l e s  accord ing  t o  t h e i r  r e l a t i v e  i n f l u e n c e  on pe r -  
meabi l  i t y  was t h e r e f o r e  as fo l l ows :  g r a i n  s i ze ,  format ion f ac to r ,  poro-  
s i t y ,  and pore shape. It f o l l o w s  t h a t  f u t u r e  e f f o r t s  towards i n c r e a s i n g  
t h e  accuracy o f  c a l c u l a t e d  permeabi l i t i e s  should  c e n t r e  p r i m a r i l y  around 
i n c r e a s i n g  t h e  p r e c i s i o n  w i t h  which g r a i n  s i z e  i s  determined (bo th  i n  
sampl i ng techniques and l a b o r a t o r y  e v a l u a t i o n ) .  E f f o r t s  should  a1 so be 
made t o  improve techniques and equipment used i n  de te rmin ing  t h e  f o rma t i on  
f a c t o r s  o f  i n  s i t u  ocean-f l  oo r  sediments. 
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CONCLUSIONS AND RECOMMENDATIONS 

Because t h e  per~neabi l i t y  of unconsol i dated marine sediments cannot 
be measured i n  s i t u  a t  t he  ocean bottom, t h i s  paper proposes t h a t  it 
be expressed i n  terms o f  more e a s i l y  measurable p r o p e r t i e s  of t h e  
porous ma te r i a l  , us ing  t h e  f o l l o w i n g  equat ion:  

which r e l a t e s  t h e  p e r m e a b i l i t y  (K) t o  t h e  p o r o s i t y  (B ), g r a i n  
s i z e  (d ) ,  c a p i l l a r y  shape (Kp), and fo rmat ion  f a c t o r  (F) .  'The 
accuracy o f  t h i s  equa t ion  i s  acceptable f o r  computer models designed 
t o  eva lua te  sound r e f l e c t i o n ,  conversion, and t ransmiss ion  i n  f l u i d -  
f i l l e d  porous media, as based on t h e  B i o t  acous t i c  model. 

By us ing  t h e  de r i ved  emp i r i ca l  formula t o  c a l c u l a t e  p e r m e a b i l i t i e s  
o f  i n  s i t u  mari  n e - f l o o r  sediments, e r r o r s  assoc ia ted  w i t h  present  
samp' l ingechniques can be avoided. 

Publ ished values <9> o f  p o r o s i t y ,  g r a i n  s ize ,  and fo rmat ion  f a c t o r  
f o r  semi -consol i d a t e d  sandstone were used t o  ca l  cu l  a t e  permeabi l i ty  
values t h a t  cou ld  be compared w i t h  measured values from t h e  same 
source <g>. Ca lcu la ted  per~neabi l i t i e s  were c o n s i s t e n t l y  h i ghe r  than  
those measured, by approx imate ly  a  f a c t o r  o f  f i v e .  Th is  was p r i -  L 

m a r i l y  due t o  a  v a r i a t i o n  i n  g r a i n  s izes  ( s o r t i n g )  w i t h i n  t h e  rock. 
A c o r r e c t i o n  f a c t o r  was in t roduced t h a t  reduced t h e  margin o f  e r r o r  
between c a l c u l a t e d  and measured p e r m e a b i l i t i e s  t o  w i t h i n  16% o r  l e s s  
f o r  each o f  t he  samples presented. 

Knowledge o f  t h e  r e l a t i v e  s e n s i t i v i t i e s  o f  p e r m e a b i l i t y  t o  t h e  f o u r  
sediment v a r i a b l e s  should a s s i s t  i n  t he  development o f  more r e f i n e d  
sampl ing equipment. P l o t t i n g  these v a r i a b l e s  aga ins t  p e r m e a b i l i t y  
i n d i c a t e s  t h a t  they a re  o f  t h e  f o l l o w i n g  o rde r  o f  importance: g r a i n  
s i ze ,  fo rmat ion  f a c t o r ,  p o r o s i t y ,  and pore shape. 

It i s  recommended t h a t  more l a b o r a t o r y  data a re  needed t o  h e l p  sub- ' 
t a n t i a t e  t h e  v a l i d i t y  o f  t h e  f i n a l  work ing equat ion  beyond t h e  range 
o f  t h e  exper imenta l  data a v a i l a b l e  f o r  t he  p repa ra t i on  of t h i s  
paper. 

Fu r the r  research i s  needed t o  e s t a b l i s h  a  mathematical r e l a t i o n s h i p  
between s o r t i n g  and p e r m e a b i l i t y  t h a t  can be i nco rpo ra ted  i n t o  t he  
equat ion. Such a  r e l a t i o n  cou ld  take  t h e  p lace  of t he  c o r r e c t i o n  
f a c t o r  in t roduced t o  a d j u s t  c a l c u l a t e d  permeabi l i t i e s  t o  f i t  more 
c l o s e l y  w i t h  measured p e r m e a b i l i t i e s .  
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APPENDIX A 

MEASUREMENT AND EVALUATION OF SEDIMENT VARIABLES 

To understand t h e  var ious  aspects and m u l t i p l e  f ace t s  o f  sediment r e l a -  
t i o n s h i p s  requ i res  a knowledge o f  t h e  methods o f  measurement and e v a l u a t i o n  
employed t o  determine s p e c i f i c  values f o r  each o f  t h e  parameters used i n  
t h e  f i n a l  working equat ion. Th is  appendix d iscusses these f o r  each parame- 
t e r s  i n  t u rn .  

A. 1 POROSITY 

A l l  methods used t o  determine p o r o s i t y  c o n s i s t  o f  measuring two o f  t h e  
t h r e e  re l evan t  volumes - pore volume (Vpor), m a t r i x  volume (Vmat), and 
t o t a l  volume (Vtot) - and an e v a l u a t i o n  us ing  one of t h e  t h r e e  equat ions:  

''tot 

v mat B = 1 - -  

A . l . l  Archimedean method 

The Archimedean method i s  t h e  most commonly used. It c o n s i s t s  of t h r e e  
weight  (mass) de te rmina t ions  o f  t h e  rock sample <A.l>. 

1 )  I n  t h e  d r y  s t a t e  w i t h  a i r - f i l l e d  pore space, 

maSSl = Pmat ' Vmat  

2) I n  t h e  wet s t a t e  w i t h  complete ly  l i q u i d - f i l l e d  pore space, 

mass2 = Pmat ' Vmat + ppo r  'Vpor 
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3 )  I n  t he  wet s ta te ,  submerged i n  an i d e n t i c a l  l i q u i d ,  

where 

P mat 
= d e n s i t y  (kg/m3 ) o f  t h e  mater i  a1 , 

ppor = d e n s i t y  o f  t h e  pore f l u i d ,  and 

P t o t  = t o t a l  dens i t y  o f  t he  f l u i d - f i l l e d  sample. 

From these values we can compute B wi thou t  knowing t h e  dens i t y  o f  t he  
f l u i d  used. 

mass2 - mass 
1 - - Ppor Vp0r 

B = mass2 - mass3 Ppor (VPoP + "mat) 

Care should be taken t o  ensure s a t u r a t i o n  of t he  sample. A  l ow-v i scos i t y ,  
a i r - f r e e ,  w e l l - w e t t i n g  f l u i d  must be used. The w a i t i n g  pe r i od  f o r  f u l l  
s a t u r a t i o n  depends on t he  p e r m e a b i l i t y  o f  t h e  sample. The sample must be 
evacuated a t  l e a s t  t o  t he  or'der o f  1 pba r  one t o  two hours be fo re  i n j e c t i o n  
o f  f l u i d  can take  place. Then t he  sample must stand immersed i n  t he  
w e t t i n g  l i q u i d  f rom ha l f  a day t o  14 days t o  ensure accurate r e s u l t s .  The 
t ime  of immersion can be reduced from days t o  hours by an app l i ed  pressure 
o f  approx imate ly  50 pbar.  It i s  q u i t e  impor tan t  t h a t  t he  f l u i d s  used f o r  
s a t u r a t i o n  and immersion are i d e n t i c a l  and i n e r t ,  i n  o rder  t h a t  no m a t r i x  
m a t e r i a l  be d i s o l  ved i n  t he  l i q u i d s .  

O f  t he  t h r e e  weight (mass) determinat ions,  t h e  wet s t a t e  w i t h  complete ly  
l i q u i d - f i l l e d  pore space (mass2 ) i s  t he  most d i f f i c u l t  t o  per fo rm accura- 
t e l y .  The t r u e  s t a t e  o f  s a t u r a t i o n  i s  very d i f f i c u l t  t o  determine, because 
when t h e  sample i s  recovered from the  f l u i d  i t  i s  covered by an excess f i l m  
o f  f l u i d ,  and when t h e  f l u i d  i s  removed, some pore f l u i d  may be expe l l ed  as 
we1 l <A.l>. There fo re  i t i s  adv isab le  t o  repeat t h e  e n t i r e  measurement 
procedure several  t imes t o  ensure t he  h i ghes t  degree o f  accuracy. 

A.1.2 Boy le 's  Law method 

The second o f  t he  two procedures t o  determine p o r o s i t y  i s  t he  gas p o r o s i -  
metry  method us ing  Boy le ' s  Law: 

pv = constant  . 
I n  general ,  t he  common p r i n c i p l e  i s  t o  determine t he  gas volume i n  a  
chamber w i t h  and w i t hou t  t he  rock sample by mon i t o r i ng  t h e  pressure d u r i n g  
compression o r  expansion, t he  v01 ume d i f f e r e n c e  be ing t h e  m a t r i x  v01 ume. 
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To c a l c u l a t e  t h e  p o r o s i t y ,  i t  i s  necessary t o  know t h e  t o t a l  volume o r  t h e  
pore  volume. The eas ies t  t o  measure i s  t h e  bu lk  volume. For t h i s  measure- 
ment t h e  sample i s  immersed i n  mercury, which, w i t h  i t s  h igh-sur face t en -  
s i o n  and non-wet t ing p roper ty ,  does no t  en te r  t h e  pores. The bu lk  volume 
can thus be determined by the  d i sp laced  volume o f  mercury. 

E r r o r s  can a r i s e  w i t h  t h e  Boy le 's - law method by f a i l i n g  t o  ma in ta i n  
i so therma l  c o n d i t i o n s  d u r i n g  gas compression o r  expansion. Another source 
of e r r o r  i s  due t o  an u n c e r t a i n t y  i n  t h e  de te rm ina t i on  o f  bu lk  volume. I f  
t h e  sample has l a r g e  pores, t h e  mercury o f t e n  w i l l  not  adhere smoothly t o  
t h e  sur face  o f  t h e  sample and w i l l  e n t e r  t he  pores, thereby  y i e l d i n g  a  low 
va lue  f o r  t h e  bu lk  volume. 

A. 1.3 General e r r o r s  

The most se r ious  t ype  o f  e r r o r  t h a t  can occur i n  t h e  p r e v i o u s l y  descr ibed  
methods r e s u l t s  f rom t h e  r e d i s t r i b u t i o n  o f  g r a i n s  due t o  sampl i n g  movements 
and l a b o r a t o r y  exper imentat ion.  A1 though v a r i a t i o n s  i n  pack ing do no t  
a f f e c t  p o r o s i t y  as adverse ly  as pe rmeab i l i t y ,  t h i s  i s  s t i l l  t h e  l a r g e s t  
source o f  e r r o r s  i n  measuring non-cohesive ma te r i a l s .  

A.2 GRAIN SIZE 

A.2.1 Sieve a n a l y s i s  

S ieve a n a l y s i s  i s  t h e  most common and unquest ionably  t h e  b e s t - l i k e d  method 
o f  g ra i n - s i ze  a n a l y s i s  i n  use today. As a  ru l e ,  it i s  no t  used when t h e  
g r a i n s  a re  l ess  than 0.005 cm i n  diameter,  a t  l e a s t  not  f o r  d r y  s ieve  
methods. The ex is tence  o f  screens t h a t  measure p a r t i c l e s  down t o  0.0037 cm 
d iameter  i m p l i e s  a  p o s s i b l e  lower  range o f  s i z i n g  bu t  t h e i r  use i s  excep- 
t i o n a l  i n  r o u t i n e  work and wet s i e v i n g  i s  almost always i n e v i t a b l e  w i t h  
such p a r t i c l e s .  

Casual s i e v i n g  i s  commonly c a r r i e d  ou t  by hand, bu t  f o r  r o u t i n e  a n a l y s i s  
mechanical shakers a re  much t o  be prefer red.  S iev ing  i s  a  s t a t i s t i c a l  p ro -  
cess; t h a t  i s ,  t h e r e  i s  always an element o f  chance as t o  whether o r  no t  a  
p a r t i c l e  w i l l  pass through t h e  aper tu res  and t h e r e f o r e  t h e r e  i s  no d e f i n i t e  
ending p o i n t  t o  s i e v i n g  ana lys is .  It i s  t h e r e f o r e  necessary t o  a r b i t r a r i l y  
d e f i n e  an ending p o i n t  by a  f i x e d  t ime  o r  by s i e v i n g  u n t i l  p a r t i c l e s  pass 
t h e  s ieve  a t  a  f i x e d  r a t e  per  minute. Thus mechanical shakers have t h e  
advantage t h a t  they  can s tandard ize  bo th  t h e  t ime  and method o f  shak ing and 
t hus  produce more cons i s ten t  r e s u l t s  than  hand s i e v i  ng. 

Accuracy o f  s i e v i n g  a n a l y s i s  i s  l i m i t e d  by t h e  t o l e rances  i n  t h e  weaving o f  
t h e  s ieve  screen and by t h e  i r r e g u l a r i t y  o f  p a r t i c l e  shape. F r a c t i o n a t i o n  
by means o f  s ieves i s  a  f u n c t i o n  o f  t h e  maximum bread th  and t h e  maximum 
th i ckness  o f  t h e  p a r t i c l e ;  f o r  un less t h e  p a r t i c l e s  are excess i ve l y  
e longated t h e  l eng th  o f  t h e  p a r t i c l e s  does no t  h i nde r  t h e i r  passage th rough 
t h e  s i eve  aper tures.  

M i l n e r  <A.2> d iscusses s i eve  procedures i n  d e t a i l  under t h r e e  main opera- 
t i o n a l  ca tegor ies :  hand s i e v i n g  dry ,  hand s i e v i n g  wet, and mechanical 
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shaking. Th is  re fe rence  i s  recommended as an in -dep th  d e s c r i p t i o n  o f  
s i e v i  ng procedures. 

A.2.2 Sedimentat ion a n a l y s i s  

If t h e  assessed p a r t i c l e s  are l e s s  than 0.005 cm d iameter ,  t h e  sedimen- 
t a t i o n  method o f  e v a l u a t i o n  must be used. S toke 's  Law pos tu l a tes  t h a t  t h e  
r a t e  o f  f a l l  o f  a  sphe r i ca l  p a r t i c l e  bears a  d i r e c t  r e l a t i o n s h i p  t o  i t s  
d iameter  <A. 3>. Genera l l y  speaking, sed imentat ion procedures must be 
c lassed  as i n d i  r e c t  , because ac tua l  separa t ion  of p a r t i c l e s  i n t o  d i f f e r e n t  
s i z e d  groups i s  not  f e a s i b l e .  S ize d i s t r i b u t i o n  i s  assessed by measuring 
f a l l i n g  p a r t i c l e s  a t  a  f i x e d  l e v e l  i n  a  suspension and a t  success ive i n t e r -  
v a l s  o f  t ime. An i n -dep th  d e s c r i p t i o n  o f  sed imenta t ion  procedures i s  a l s o  
g i  ven by M i  l n e r  <A. 2>. 

A. 3  FORMATION FACTOR 

To c a l c u l a t e  t h e  fo rmat ion  f a c t o r  o f  a  g iven sediment r equ i r es  two separate  
e l e c t r i c a l  measurements. F i r s t ,  t h e  r e s i s t i v i t y  of t h e  f l  u i d - f i l  l e d  porous 
medium and second, t h e  r e s i s t i v i t y  o f  t h e  pore f l u i d  alone. 

A.3.1 R e s i s t i v i t y  o f  t h e  medium 

Measuring techniques designed t o  eva lua te  t he  e l e c t r i c a l  r e s i s t i v i t y  o f  
ocean- f loo r  sediments have taken severa l  forms over t h e  past  years.  Some 
o f  t he  f i r s t  e l e c t r i c a l  measurements were made i n  t h e  l a b o r a t o r y ,  on cores 
taken from s o f t  c l a y s  <A.4>; however, f o r  t h e  purpose o f  t h i s  r epo r t ,  we 
a r e  i n t e r e s t e d  i n  i n  s i t u  determi  na t ions .  

I n  general ,  t h e  techn ique  f o r  de te rmin ing  t h e  i n  s i t u  r e s i s t i v i t y  o f  a  
f l u i d - f i l l e d  porous medium as descr ibed by Jackson <A.5> c o n s i s t s  o f  a  
f o u r - e l  e c t  rode a r r a y  t h a t  passes a  d i  r e c t  o r  low-f requency a1 t e r n a t i  ng 
c u r r e n t  o f  known i n t e n s i t y  through two e l e c t r o d e s  i n t o  t h e  ground, w h i l e  
measuring a  p o t e n t i a l  d i f f e r e n c e  between t h e  o the r  two e lec t rodes .  The 
r e s i s t i v i t y  o f  t h e  medium i s  c a l c u l a t e d  from t h e  r a t i o  o f  t h e  p o t e n t i a l  
d i f f e r e n c e  t o  t he  c u r r e n t  passing, and from a  p r o p o r t i o n a l i t y  f a c t o r  t h a t  
depends on t h e  geometr ica l  arrangement o f  t h e  f o u r  e lec t rodes .  

I n  t h e  Wenner a r ray ,  one o f  t h e  most w ide l y  used c o n f i g u r a t i o n s ,  t h e  
e l ec t r odes  a re  i n - l  i n e  and equi  -spaced a t  a, d i s t ance  a  apar t .  I f  t h e  two 
o u t e r  e l ec t r odes  pass a  c u r r e n t  I, and t h e  two i n n e r  ones measure a  poten- 
t i a l  d i f f e r e n c e  A V  , t h e  r e s i s t i v i t y  o f  t h e  medium i s  g iven by 

where t h e  va lue o f  c  depends on t h e  l o c a t i o n  of t h e  measuring device.  I f  
t h e  r e s i s t i v i t y  i s  measured from w i t h i n  t h e  sediment (whole space), t h e  
va lue  o f  c  i s  4. I f  t h e  measurement takes  p lace  from on t o p  o f  t h e  sed i -  
ment (ha l f - space) ,  then t h e  va lue of c  i s  2. Th is  r e s i s t i v i t y  represen ts  a  
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t r u e  va lue on l y  i f  t h e  medium i s  homogeneous, i s o t r o p i c ,  and s e m i - i n f i n i t e .  
I n  heterogenous mater i  a1 S i t  denotes an apparent r e s i  s t i  v i  t y  t h a t  repre -  
sents  t he  average o f  a l l  homogeneous sediments w i t h i n  t h e  assessed area. 

One o f  t h e  e a r l i e s t  devices t o  determine i n  s i t u  r e s i s t i v i t y  was developed 
a t  SACLANTCEN i n  1969 <A.6>. Th is  was a  f r e e - f a l l i n g  probe t h a t  pene t ra ted  
up t o  10 m o f  unconsol idated sediments i n  order  t o  measure t h e i r  r e s i s t i -  
v i t y .  

Recent ly  a  f l e x i b l e ,  focused, i n  s i t u  r e s i s t i v i t y  probe has been designed 
t o  l i e  on t h e  s e a f l o o r  w i t hou t  p e n e t r a t i n g  t h e  sediments. I t s  f u n c t i o n  i s  
t o  measure t h e  apparent r e s i s t i v i t y  o f  t h e  s u r p e r f i c i a l  sediments w i t hou t  
d i s t u r b i n g  them <A.5>. The main problem o f  t he  dev ice i s  reduc ing  t h e  
water  l a y e r  between pad and sediment so t h a t  c u r r e n t  does no t  escape i n t o  
t h e  ocean water. 

A.3.2 R e s i s t i v i t y  o f  t h e  pore f l u i d  

P o r e - f l u i d  r e s i s t i v i t y  i s  measured by t h e  same dev ice as t h a t  used t o  
measure sediment r e s i s t i v i t y .  It i s  assumed t o  be s u f f i c i e n t  t o  measure 
t h e  p o t e n t i a l  d i f f e r e n c e  when t h e  e lec t rodes  a re  surrounded by water as 
when they  a re  i n  con tac t  w i t h  t h e  sediment. The r a t i o  o f  t h e  r e s i s t i v i t y  
o f  t h e  f l u i d - s a t u r a t e d  sediment (Rs) t o  t h a t  o f  t h e  s a t u r a t i n g  water (Rf)  
denotes t h e  fo rmat ion  f a c t o r  o f  t h e  sediment: 

A.4 PORE SHAPE 

Determina t ion  o f  pore shape i s  by f a r  t h e  most s u b j e c t i v e  e v a l u a t i o n  o f  a l l  
t h e  v a r i a b l e s  discussed. D i r e c t  o p t i c a l  methods, such as t h e  s tudy o f  
micrographs and photographs, a re  t h e  most common means o f  es t imat ion .  
Micrographs a re  used i n  l a b o r a t o r y  eva lua t i ons  when t h e  sample i s  a v a i l a b l e  
f o r  c l ose  mic roscop ic  s c r u t i n i z a t i o n  and pore geometr ies a re  t o o  smal l  f o r  
d i r e c t  v i s u a l  observat ion.  Photographs a re  used when t h e  sediment i s  s t i l l  
i n  p lace and can no t  be sampled f o r  l a b o r a t o r y  observa t ion  e i t h e r  because 
e r r o r s  would be in t roduced by sampl ing techniques o r  because o f  an i n a b i -  
l i t y  t o  sample t h e  sediment. Eva lua t i on  o f  t he  methods e n t a i l  s u b j e c t i v e  
v i s u a l  observat ion,  which makes t h e  accuracy t o t a l  l y  dependent upon t he  
observer.  I n  many cases a  median va lue o f  2.5 i s  assigned and d i r e c t  eva- 
l u a t i o n  i s  no t  employed. 

A. 5  HYDRAULIC RADIUS 

Brace (1977) <A7> descr ibes two p r e v i o u s l y  used methods o f  de te rmin ing  t h e  
hydraul  i c rad ius.  
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A.5-1  C a l c u l a t i o n  method 

Th is  method, f i r s t  used by Wyl l i e  and Spangler (1952) <8>, makes use o f  t h e  
we1 l es tab l  i shed re1 a t i o n  

where m i s  t h e  h y d r a u l i c  rad ius ,  PD i s  t h e  pressure t h a t  must be 
a p p l i e d  t o  a nonwet t ing phase i n  o rder  t o  d i sp lace  a w e t t i n g  phase i n  a 
f u l l y  sa tu ra ted  porous medium, and a i s  t h e  i n t e r f a c i a l  t ens ion  between 
t h e  two phases. The accuracy o f  t h i s  method depends h e a v i l y  on t h e  u n i f o r -  
m i t y  o f  pore s i z e  throughout  t h e  sample. 

A. 5.2 Measurement method 

The second method i s  more d i r e c t .  The pore geometry i s  d i r e c t l y  assessed 
w i t h  t he  use o f  en larged photomicrographs and es t imated  values a re  assigned 
by eye. Obviously t h i s  method i s  much more sub jec t  t o  human e r r o r  but  i t  
should be noted t h a t  values obta ined t h i s  way agreed c l o s e l y  w i t h  those 
ob ta ined  by t h e  c a l c u l a t i o n  method. 

A. 5.3 Accuracy 

The accuracy of t h e  two methods i s  approx imate ly  t h e  same. Brace <A7> 
g i ves  a range of e r r o r  o f  approx imate ly  * 15% o f  t h e  t r u e  value f o r  both 
t h e  measurement c a l c u l a t i o n  methods. 
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