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ABSTRACT

Six b r in e  saturated  porous samples were subjected to simulated  

overburden pressures up to  10,000 p s i . ,  simulated re s e rv o ir  tempera­

tures up to 400°F. and simulated re s e rv o ir  conditions up to 10,000 p s i .  

and 400°F. The e f fe c ts  o f  temperature and/or pressure on the re s is ­

t i v i t y  o f the samples were measured in a c e l l  developed to f a c i l i t a t e  

th is  type o f  measurement on a ro u tin e  basis .

The pressure te s ts  ind ica ted  th a t  the r e s i s t i v i t y  increased  

and the p o ro s ity  decreased as the pressure was increased. A l l  samples 

were found to  have ra p id ly  increasing r e s i s t i v i t y  as the i n i t i a l  

pressures were ap p lie d . The ra te  o f  increase o f  r e s i s t i v i t y  de­

creased c o n t in u a l ly  w ith  the a p p l ic a t io n  o f  a d d it io n a l pressure w ith  

the exception o f  the Paradox (lim estone) which increased almost 

I I n e a r ly .  The s e n s i t i v i t y  o f  the r e s i s t i v i t y  increase was shown to  

be a function  o f  the percent o f pore volume represented by pores o f  

radius less than 0 .5  microns and the c la y  content.

The Formation R e s is t iv i ty  Factor went through a minimum and 

then increased as the temperature was increased and the net pressure  

held constant. Tho magnitude and temperature o f the occurrence of  

the minimum var ied  w ith  in d iv id u a l samples as well as the magnitude 

of the increase a f t e r  the minimum. The e f fe c ts  could be pred icted  

I f  the percent pore volume represented by the pores less than 0 .5  

microns and the temperature o f the minimum were known.
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The combined temperature and pressure Increases caused the 

Formation R e s is t iv i ty  Factor to  increase. In general the a d d it iv e  

re su lts  o f  the separate temperature and pressure data were equal to  

the combined pressure-tem perature  experimental data a t  low and 

moderate temperatures.
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CHAPTER I 

INTRODUCTION

The primary concern o f  th is  thes is  is  the e f fe c t  o f  elevated  

temperatures and/or pressures on the e le c t r ic a l  r e s i s t i v i t y  o f  porous- 

f l u id  saturated  rocks. This property as w ell  as the o ther  physical and 

chemical p roperties  o f rocks is v i t a l l y  important to our improved 

analys is  o f  porous media behavior, p a r t ic u la r ly  as w e iis  tend to become 

deeper.

The e le c t r ic a l  r e s i s t i v i t y  o f  rocks has t r a d i t i o n a l l y  been 

measured a t  atmospheric pressure and ambient temperature. This approach 

stems from a time when most w e lls  were f a i r l y  shallow and methods o f  

in te rp re ta t io n  did not demand a rigorous analys is  o f  these p ro p e r t ies .

I t  was g en era lly  recognized th a t removing the rock from i ts  n a tive  

environment, f lush ing  i t  w ith  the d r i l l i n g  f l u i d ,  and changing the 

temperature and pressure, would y ie ld  a rock t h a t ,  a t  best, would 

bear only a p a r t ia l  resemblance property wise to i t s  cond ition  in the  

n a tive  s ta te .  U n t i l  recent years th is  problem has been la rg e ly  ignored 

because of the r e la t iv e  d i f f i c u l t y  of tak ing  data under pressure and 

because the pressure and temperature changes encountered w h ile  c u tt in g  

and te s t in g  a sample did not seem c r i t i c a i  enough to cause obvious 

t ro u b le .  Furthermore, a t  leas t a portion  o f the discrepancy could be 

e m p ir ic a l ly  removed by b ack -co rre la t in g  rock behavior in place against 

i t s  pseudo-properties obtained a t atmospheric cond itions.

I



Although I t  is  w ide ly  recognized that rocks under high pressure  

and temperature become more " p la s t ic "  and are  less " b r i t t l e "  than at  

atmospheric c o n d it io n s , l i t t l e  a t te n t io n  has been focused on the v a r ia ­

t io n  in p ro p e rt ies  th a t  might accompany th is  change. This is somewhat 

su rp r is in g  fo r  the a b i l i t y  to  acc u ra te ly  p re d ic t  e le c t r ic a l  r e s i s t i v i t y ,  

p o ro s ity ,  p e rm e a b i l i ty ,  and c o m p re s s ib i l i ty  under in -s i  tu conditions  

plays a key ro le  in  many o f  our engineering c a lc u la t io n s .  Knowledge of  

these p ro p e rt ies  is  v i t a l  to  many aspects o f e le c t r ic a l  logging, f r a c tu r in g ,  

and many facets  o f the flow o f  f lu id s .

The e le c t r i c a l  r e s i s t i v i t y  o f  rocks plays a key ro le  in  the in t e r ­

p re ta t io n  o f  w ell  logs fo r  i t  is used as a basic parameter in  the d e te r ­

m ination o f  p o ro s ity .  This form ation fa c to r -p o r o s i ty  re la t io n s h ip  serves 

as one o f the cornerstones o f  logging theory . Although published data  

in th is  area are  f a i r l y  meager, there  have been some s ig n i f ic a n t  works 

on the e f f e c t  o f  overburden pressure on e le c t r i c a l  r e s i s t i v i t y .  However, 

no in v e s t ig a t io n  has been reported p e r ta in in g  to  the e f f e c t  o f  temperature  

(w ith  or w ithout pressure) on r e s i s t i v i t y .  I t  has been g e n e ra l ly  assumed 

th a t  the r e s i s t i v i t y  o f  a porous media simply v a r ie s  w ith  temperature a t  

the same ra te  as does the r e s i s t i v i t y  o f  the s a tu ra t in g  f l u i d .  Because 

data in th is  area are  v i r t u a l l y  no n -ex is ten t but yet so c r i t i c a l ,  t h e i r  

development serves as a log ica l focal p o in t fo r  th is  work.

As l a t e r  discussions w i l l  show, the problem is  too complex fo r  

a study o f th is  scope to completely so lve . Although i t  has been fe a s ib le  

to develop a rigorous c o r re la t io n  on the r e la t i v e l y  few rock samples 

te s te d ,  an important in s ig h t  is  provided in to  rock behavior th a t  should 

be of real va lu e . The resu lts  shown should not only  "co n d it io n "  our
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present th ink ing  but serve as a f i rm  basis fo r  fu tu re  work. The 

development o f a r e l i a b le  experimental technique presented herein  

(which proved d i f f i c u l t )  is  in i t s e l f  o f  importance.

The e f fe c t  o f  temperature can be dram atic . Formation 

temperatures increase w ith  buria l depth. In general the Increase is 

about 1°F. per 100 fe e t  although many anomalies are noted. Sediments 

have been found w ith  a temperature near fre ez in g  in the  A r c t ic  regions  

w h ile  in Southern Texas some temperatures exceed 400°F.

In view o f the fa c t  th a t the combination o f rock l i th o lo g y ,  

pressure, and temperature a c tu a l ly  encountered are v i r t u a l l y  endless,  

i t  has only been possib le  to choose re p res en ta tive  values o f  these 

parameters. To increase the immediate u t i l i t y  o f  the re s u l ts ,  rocks 

w ith  w ide ly  varying p ro p e rt ies  have been chosen.

PREVIOUS WORK

The studies reviewed in th is  paper are  l im ite d  to those

re la t in g  to the net pressure e f fe c ts  on the r e s i s t i v i t y  o f  rocks.
0

F a tt  determined the e f f e c t  o f  both in te rn a l  and external  

pressures up to  5000 p s i .  on the formation r e s i s t i v i t y  fa c to r '  o f  20 

brine  saturated sandstones. At e levated pressure i t  was about 35% above 

the atmospheric v a lue . A comparison o f  the v a r ia t io n  o f  p o ro s ity ,  

r e s i s t i v i t y ,  and p e rm ea b il ity  w ith  increased overburden pressure  

ind ica ted  th a t the s e n s i t i v i t y  o f  these parameters var ied  g r e a t ly .

*  Formation r e s i s t i v i t y  fa c to r  is  the r e s i s t i v i t y  o f a saturated rock 
div ided by the r e s i s t i v i t y  o f the s a tu ra t in g  f l u i d .
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w ith  the p e rm ea b il ity  being the most s e n s it iv e ,  the p o ro s ity  the le a s t ,  

and the e le c t r ic a l  co n d u c tiv ity  somewhere in between. One o f  the more 

important re su lts  o f  th is  work was th a t  " th e  laborato ry  measured forma­

t io n  r e s i s t i v i t y  fa c to rs  in which only the external pressure is var ied  

are s u f f ic ie n t  to g ive  inform ation o f the e f fe c t  o f  overburden pressure  

on the c o n d u c tiv i ty  o f  porous rocks." This in  e f fe c t  says th a t i t  is 

possib le  to  obta in  good re su lts  in the lab orato ry  using low in te rn a l  

pressures ( ins tead  o f the natural f l u id  pressures) and e q u iv a le n t ly

reduced externa l pressures.

T2Wyble reported the e f fe c ts  o f  0-5000 ps ig . simulated over­

burden pressure on the co n d u c tiv ity  o f  th ree  sandstones. His experiments 

were conducted using the assumption th a t  a r a d ia l ly  applied  pressure is  

the equ iva len t o f  the conditions experienced in the n a tive  environment. 

Genera lly  i t  is  believed th a t  the stresses on the in -s i  tu rocks are  

somewhere between the normally used 3 equal stresses and the case o f a 

la rge  v e r t ic a l  s tress  and small horizonta l s tresses. Wyble's assumption 

does not agree w ith  the commonly accepted hypotheses mentioned above, but 

no experimental evidence is a v a i la b le  to  in d ic a te  the degree of e rro r  

( I f  any) th is  assumption c reates . The re su lts  o f  th is  study g enera lly  

agree w ith  those o f  o ther in v es t ig a to rs .

G la n v i l le ^ *  published the e f fe c t  o f pressure on the r e s i s t i v i t y  

o f two sandstones and three  carbonates. E f fe c t iv e  stresses up to  5000 

p s i .  were used and l i t t l e  or no d if fe re n c e  was found on the e f fe c ts  o f

pressure on the v e r t ic a l  and horizonta l r e s i s t i v i t i e s .

25Redmond extended Wyble's study using net pressures up to  

20,000 p s i .  on four sandstones. The changes in r e s i s t i v i t y  beyond



5000 p s i .  are  less dramatic than those up "o 5000 p s i .  Redmond presented

more data but added l i t t l e  to  our understanding o f  the e f fe c ts  o f  pressure.

12Glumov and Dobrynin reported the e f fe c t  o f  pressure on the  

e le c t r ic a l  co n d u c tiv ity  o f  one sandstone and one limestone using net 

pressures up to 350 atmospheres. The experimental apparatus was s im i la r  

to  W yble's. One to  two hours are  t y p ic a l ly  necessary fo r  e q u il ib r iu m  

but Glumov and Dobrynin made t h e i r  measurements 15-20 minutes a f t e r  each 

a p p lic a t io n  o f pressure, making I t  h ig h ly  u n l ik e ly  th a t  the  cores were

measured a t  an e q u il ib r iu m  c o n d it io n .

20Orlov and Glmeav In ves tig a ted  the changes In  r e s i s t i v i t y  caused 

by applying a ll -a ro u n d  stresses o f  up to  400 atmospheres on two carbonates. 

The carbonates d id  not reach eq u il ib r iu m  although a constant pressure was 

applied  fo r  100 hours. The lower p o ro s ity  samples were found to  be 

a ffe c te d  to  a g re a te r  extent than those w ith  higher p o r o s i t ie s .  At 400 

atmospheres the low p o ro s ity  samples showed Increases o f  40-80% o f the  

atmospheric r e s i s t i v i t y .

Dobrynin^, using the  same experimental approach as F a t t ,  In v e s t i ­

gated the e f fe c t  o f  pressure on thy r e s i s t i v i t y  o f  two sandstones. The 

observation th a t c o m p res s ib il i ty  o f  these sandstones was a function  of  

pressure and th a t  the shale content co n tro l led  the number o f  small pores 

In a rock which In turn c o n tro l led  the s e n s i t i v i t y  o f  a rock to  overburden 

pressures resu lted  In the form ulation o f  a re la t io n s h ip  between overburden 

pressure, p o ro s ity ,  and c o m p res s ib il i ty  

P
_F_
F

I
( 0

1 -  0 C p ** *  F(P)
- 1 0
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where is  the formation r e s i s t i v i t y  fa c to r  a t  any pressure P

F Is  the form ation r e s i s t i v i t y  fa c to r  a t  atmospheric pressure

0 is  the f r a c t io n a l  p o ro s ity

p^max I g the pore c o m p re s s ib i l i ty  a t  low pressure

F(p) -  ^ —  (■ ‘til* *  log ^  ^  (log ^  + .434) j (2)
log .=222 \

mi n

P , is  the pressure a t  which C is  obtained  min r  p

P is  the ex trapo la ted  pressure a t  C = 0 max p

P is  pressure

c is  the f ra c t io n  o f  bulk volume occupied by c la y .

U n fo rtu n a te ly  th is  c o r re la t io n  r e l ie s  p r im a r i ly  on low pressure  

data which are  subject to  question in th is  case because o f  the  Luc ite  

mounting o f  the core. The Lu c ite  has s tru c tu ra l  s trength  and thus w i l l  

hold some o f  the applied  fo rce  o f f  the core. While th is  is  not c r i t i c a l  

a t high pressures i t  becomes o f  s ig n if ic a n c e  a t very low pressures. The

po ro s ity  exponent ( f ( P ,  ) was evaluated as the pressure approached

zero and was obtained by s t ra ig h t  l in e  e x tra p o la t io n  on coordinate

paper to  atmospheric pressure. This c o r re la t io n  w i l l  be discussed in  

grea te r  d e ta i l  l a t e r  in the paper.

The above-mentioned authors a l l  agreed th a t  the e f fe c ts  o f  

pressure on the r e s i s t i v i t y  of rocks are  apprec iab le  and any in te rp re ta ­

t io n  o f  r e s i s t i v i t y  measurements not taken a t  in -s i  tu conditions are  

subject to  e rro rs  o f  from 10 to 120 percent.

In summary i t  may be said th a t p r io r  to th is  work on ly  a modest

q u a n tity  o f  data was a v a i la b le  on the e f fe c ts  o f  overburden pressure
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on the r e s i s t i v i t y  o f  porous rocks and much o f  th is  data was o f a 

q u a l i t a t iv e  nature . Only one in v e s t ig a to r  attempted to  use the data  

q u a n t i ta t iv e ly  and h is work used some questionable  assumptions. At 

th is  time a l l  the e f fe c ts  o f  pressure must be determined experim enta lly  

as th e re  is no r e l i a b le  technique to  p re d ic t  the e f fe c ts  o f  pressure on 

the r e s i s t i v i t y  o f  f l u i d  saturated  rocks.

P r io r  to th is  work no data were a v a i la b le  in d ic a t in g  the e f fe c t  

o f temperature (w ith  or w ithout pressure) on the  e le c t r ic a l  r e s i s t i v i t y  

o f p o ro u s -f iu id  saturated  rocks.



CHAPTER I I  

THEORY

The r e s i s t i v i t y  (s p e c i f ic  resis tance) o f  a m ateria l is a 

physical property  l i k e  s p e c if ic  g r a v i ty ,  d e n s ity ,  or mass. The res is ­

t i v i t y  o f  a cube or c y l in d e r  Is  obtained by

R .  r ( -4 -)  (3)

where: R is  the r e s i s t i v i t y  in ohm-meters

r Is  the resis tance  In ohms

L Is  the sample length In meters, and

A Is  the cross sectiona l area o f  the sample In square meters.

The r e s i s t i v i t y  o f  f l u i d  saturated porous media has long been

19of In te re s t  to  s c ie n t is ts  and engineers. Maxwell th e o r e t ic a l ly  

re la te d  the r e s i s t i v i t y  and p o ros ity  fo r  a dispersed sphere arrange­

ment by

c )w

where: R Is  the r e s i s t i v i t y  o f  the medium 100% saturated  o

Is the r e s i s t i v i t y  o f  the s a tu ra t in g  f l u i d ,  and 

0  Is the f ra c t io n a l  p o ro s ity .
oil

Lord Rayleigh derived a generalized equation fo r  spheres and 

cy linders  o f  one m ateria l dispersed In another In a cubic arrangement.



1 +
w (5)

where: V = (Tg being the co n d u c tiv ity  o f  the spheres and o-^

the c o n d u c tiv ity  o f the l iq u id  

P = 1-0 where 0 is  the f ra c t io n a l  p o ro s ity .

For a sandstone model V = 0 (o-g = O ) . For large  p o ro s it ie s  th is  equa­

t io n  becomes th a t proposed by Maxwell.
9

For a nonspherical s o l id  suspended in a l iq u id  Fricke  found

o -

(1 -  0 ) (6)
+ X + X

where: e r^  is  the co n d u c tiv ity  o f  the s o l id  m ate ria l  in  suspension,

<r^ is  the c o n d u c tiv ity  o f  the suspension m a te r ia l ,

o -^  is the c o n d u c tiv ity  o f  the suspension, and

X is  a shape fa c to r .

For a nonconducting s o lid  the equation becomes

R.

w

X + 1 -  0 
X0 (7)

which in turn s im p l i f ie s  to  Maxwell's  fo r  spheres when X is 2.

27Salwinski formulated the fo llow ing  re la t io n s h ip  between 

p oros ity  and r e s i s t i v i t y  o f  a medium w ith  non-conducting spheres in  

contact in a regular a rray .

"o ,, (1-3219 -  32,9 0 )^

W
0 (8)
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Dakhnov^ found th a t

f o  .  I + .25 ( I  -  * ) ' / ]  („)

I -  (1 - 0 ) '^ ’

best represented the re la t io n s h ip  between po ro s ity  and r e s i s t i v i t y  fo r

unconsolidated sands.

22Pirson c a lc u la ted  the Formation R e s is t iv i t y  Factor fo r  the

p a r t ic u ia r  case where the spheres are o f  equal s iz e .  For a cubic packing

w ith  a po ro s ity  o f  47.6% the Formation R e s is t iv i ty  Factor is  2 .6 4 .  A

rhombic packing is an iso tro p ic  having a Formation R e s is t iv i t y  Factor o f

4 .4  in one d ire c t io n  and 3*38 in the o th e r ,  fo r  a p o ro s ity  o f  39.5%«

Hexagonal packing is  the c lo ses t possib le  fo r  equal s iz e  spheres having

a p o ro s ity  o f  25.9% and a Formation R e s is t iv i ty  Factor o f 5 .8 1 .

One o f the few models formulated fo r  conso lidated  porous media 

21was th a t  b u ild  by Owen . The r e la t iv e  s iz e  o f  the p o re -to -p o re  channel

connection and the length o f the pore channel were v a r ia b le .  The

former was termed c o n s tr ic t io n  w h ile  the v a r ia t io n  o f  the actual pore

length to the shortest possib le  length was c a l le d  to r t u o s i ty .  Holding

the c o n s tr ic t io n  fa c to r  constant and vary ing  the to r tu o s i ty  resu lted

in the s h i f t in g  o f  the Formation R e s is t iv i ty  F a c to r -p o ro s ity  curve w ith

almost no change in slope as shown in Figure 1. M a in ta in in g  the

to r tu o s i ty  constant and vary ing the c o n s tr ic t io n  fa c to r  resu lted  in a

change o f  slope and the point o f in te rs e c t io n  a t the 100% poros ity

l in e .  Relating  these to  a general form o f  F = k 0 the to r tu o s i ty

a f fe c ts  only k w h ile  the c o n s tr ic t io n  changes e f fe c t  m and k. Figure 2

shows the case fo r  constant to r tu o s i ty .

29Towle derived some p a r t ic u la r  re la t io n s h ip s  between p oros ity
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FIGURE 1
FORMATION RESISTIVITY FACTOR VERSUS POROSITY 

FOR CONSTANT CONSTRICTION FACTOR (C)
AND VARIOUS TORTUOSITIES (T)
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FIGURE 2
FORMATION RESISTIVITY FACTOR VERSUS POROSITY 

FOR CONSTANT TORTUOSITY (T) AND VARIOUS 
CONSTRICTION FACTORS (C)
(AFTER OWEN, J .P .T . 1952)
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and Formation R e s is t iv i ty  Factor fo r  some Id e a l iz e d  consolidated porous

media but did not r e la te  them to experimental data and thus they are

In te re s t in g  but o f  unproven usefulness.

In general the th e o re t ic a l  p o r o s i t y - r e s ls t l v l t y  re la t io n sh ip s

are much too simple to  represent the very complex natura l rocks.

Empirical re la t io n sh ip s  have th e re fo re  become the most Important
2

tool In th is  f i e l d .  Archie  proposed

F » » 0""’ (10)
w

where F Is  the Formation R e s is t iv i ty  Factor and m Is  an exponent which 

v ar ie s  from 1.3 fo r  unconsollaated media to  2 .5  fo r  very  consolidated  

media.

A more general re la t io n s h ip  o f  the same form Is

F .  .  C ( I I )
w

where C and m' are constants. The most w ide ly  used constants fo r  th is  

re la t io n s h ip  are  .62 and 2 . 1 5 , re s p e c t iv e ly ,  which were determined by 

WInsauer, e t al^®.

Figure 3 shows a comparison o f  some o f the re la t io n s h ip s  d is ­

cussed above. I t  Is  obvious that Rayle igh 's  theory Is good only  fo r  

large p o ro s it ie s .  Maxwell and Archie agree f a i r l y  w ell a t  the higher  

porosities , w h ile  Archie and Dakhnov agree f a i r l y  w ell In the lower 

poros ity  range. The WInsauer equation Is a sp ec ia lize d  e f f o r t  to  

obtain  a general equation fo r  unconsolidated and consolidated forma­

tions over the range o f  p o ro s it ies  g e n era l ly  encountered In petroleum  

. rv o lrs .
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FIGURE 3
COMPARISON OF SELECTED FORMATION RESISTIVITY FACTOK 

POROSITY RELATIONSHIPS FOR UNCONSOLIDATED SANDS
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I t  appears from the curves that no one re la t io n s h ip  w i l l  

adequately describe the Formation R e s is t iv i ty  F ac to r-p ^r^^ ity  v a r ia ­

tions in natural rocks. Most o f  the equations are goo  ̂ &ver some 

l im ited  range and fo r  some l im ite d  gra in  shape and sof^i^g. I t  would 

appear tha t the sedimentation process and general geologic h is to ry  

would control the r e s ls t iv i t y - p o r o s i t y  re la t io n s h ip ,  ^h^re is a 

p o s s ib i l i t y  tha t the geological environment could be ^G^tgrmined from 

a c lose examination o f the r e s is t iv i t y - p o r o s i t y  data an unconsoli­

dated sand. Some o f  the many v a r ia b les  which a f fe c t  p o ro s ity -

r e s i s t i v i t y  re la t io n s h ip  are: g ra in  shape, g ra in  s o rt in g , mineral 

content, cementation, geologic age, geologic h is to ry ,  homogeneity. 

A great e f f o r t  w i l l  be needed to understand even a fev̂  of the fac tors  

tha t in fluence  the r e s i s t i v i t y  o f  porous media.



CHAPTER I I I  

PROCEDURE FOR INVESTIGATION

FORMATION SAMPLES

The homogeneity o f Ind iv idua l samples and o v e r -a l l  v a r ie ty  o f  

composition were stressed In the s e le c t io n  o f  formation samples. Three 

sandstones (Berea, Bandera, B r i a r  H i l l ) ,  one limestone (Paradox), one 

shale (Dean), and one a r t i f i c i a l  (Alundum) sample were used. The 

physical s ize  and p o ro s it ie s  o f  the c y l in d r ic a l  cores are  given in 

Table I .  X-ray d i f f r a c t io n  p a tte rn  analyses were used to  determine  

the composition o f the sandstones. The "s em iq u a n tita t iv e"  resu lts  

are  presented In Table I I ,

The Alundum was used as a very homogeneous, c la y  f re e  reference  

sample, whereas the Berea, Bandera, and B r ia r  H i l l  samples contained  

varying amounts o f c la y .  A more d e ta i le d  descrip t io n  o f the samples 

is  a v a i la b le  In the Appendix,

SAMPLE PREPARATION

The core plugs were squared w ith  a diamond saw and the ends 

precis ion  ground to insure a smooth f l a t  contact fo r  the end e lec trodes.  

The cores were cleaned w ith  to luene, d r ie d ,  and the p o ro s ity  measured 

w ith  a Kobe poroslmeter. They were then saturated w ith  90,000  ppm. 

aqueous sodium c h lo r id e .  An aging period o f 3 -4  weeks was allowed  

a f t e r  which the water s a l i n i t y  was checked to determine i f  contamination

16
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had occurred. Following the experiments the cores were stored in the  

same brin e .

Mercury In je c t io n  pore s iz e  d is t r ib u t io n  measurements were made 

on each sample type.
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TABLE I

DIMENSIONS AND POROSITIES OF SAMPLES

Sample Length
(Inches)

Di ameter 
(Inches)

Pore Volume 
(cu. In . )

Porosi ty
(%)

Berea A 2.031 1.523 I I  219 18.5

Berea 1 2.02 1.492 11.841 20.7

Berea 2 2.01 1.492 11.911 21.0

Berea 3 2 .03 1.500 11.696 2 0 .4

Berea 4 2 .03 1.492 12.059 20.8

Bandera A 2.031 1.531 13.498 22.3

Bandera B 2.031 1.527 13.069 21.7

Bandera C 2.008 1.523 13.283 22.3

B r ia r  H i l l  A 2.047 1.523 12.599 21.1

B r ia r  H i l l  C 2.047 1.523 12.683 21.3

Dean A 2.027 1.527 5 .184 8 .5

Dean B 2.023 1.531 4.546 7 .5

Dean C 2.031 1.527 4.507 7 .4

Paradox A 2.016 1.531 .266 .4

Paradox B 2.203 1.527 1.712 2.8

Paradox C 2.023 1.531 .777 1.3

Alundum A 2 .+ 1.453 14.427 26.4

Alundum B 2.+ 1.484 15.090 26.5

Alundum C 2.+ 1.453 14.434 26.8
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TABLE I I

X-RAY DIFFRACTION ANALYSES OF SANDSTONE SAMPLES

Bandera B r ia r  HI 11 Berea

I l  I I  te 5% Trace Trace

K a o l in ite  and C h lo r i te 5% Trace 5%

Quartz 45% 90% 75%

Feldspar 35% 5% 15%

C a lc l te Trace

DolomIte 5% 5%

S Id e r l te Trace Trace Trace
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APPARATUS

Pressure Equipment

Pressure was exerted on the frame o f  the rock sample by tran s ­

former o i l  pressing on the e la s t ic  sleeve and two s ta in le s s  steel  

endplates enclosing the core. The o i l  was re ta ined  by a th ic k -w a lled  

autoclave (3" I .D .  x 6") made o f C-1018 cold f in is h ed  s te e l .  The wall 

thickness was approximately 1^ inches. The vessel is  shown schemati- 

c a l ly  in Figure 5.

Access to the c e l l  was supplied by a removable top to which 

the core assembly and the e le c t r ic a l  connections were attached. Fusite  

1/8 (27) NPT-FP e le c t r ic a l  connectors were used. A l l  pressure f i t t i n g s  

were i - i n c h  standard high pressuré f i t t i n g s  adapted to  1 /8 - in ch  s ta in ­

less s tee l tubing and valves . Photographs o f  the c e l l  and core assembly 

are shown in Figures 4 and 6 . The complete pressure system was designed 

to operate  a t 15,000 psig.

The schematic o f  the pressure system in Figure 7 shows th a t  the  

in te rn a l  (core) and external (overburden) pressure systems were completely  

separated. The external pressure system was used to apply pressure to  

the e la s t ic  sleeve and thus to the rock frame. The pressure was 

generated w ith  a 10,000 p s i . Blackhawk pump and transm itted  to the 

c e l l  by l /8 - in c h  tubing. Attached to  th is  main pressure l in e  were 

a rupture disc rated a t 15,000 p s i .  and two pressure gauges. The

20,000 p s i .  gauge was always in contact w ith  the main l in e  w h ile  the  

lower pressure 3,000 p s i .  gauge could be shut o f f  w ith  a valve  when 

the pressures exceeded 3,000 p s i .  The low pressure gauge was protected  

by a 3,000 p s i .  rupture d isc . There was a lso a blaeder va lve  on the



- 2 1  -

FIGURE 4
THE HIGH TEMPERATURE AND PRESSURE CELL 

COMPLETELY ASSEMBLED (EXCEPT THERMAL INSULATION)
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FIGURE 5
HIGH TEMPERATURE AND PRESSURE RESISTIVITY CELL
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FIGURE 6
liNAMFMBLED CORE ASSEMBLY AND CELL TOP,
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FIGURE 7
SCHEMATIC OF PRESSURE REGULATING SYSTEM
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maîn U n e  to a llo w  re g u la t io n  o f  the pressure system.

The in te rn a l  o r  low pressure system which regulated  the  

pressure ins ide  the core used two l iq u id s .  The core was saturated  w ith  

brine  w h ile  the Blackhawk pump used transform er o i l .  The two f lu id s  

were separated by an in te r fa c e  c e l l  fa b r ic a te d  from a s ig h t gauge. 

Ins ide  th is  c e l l  was an in d ic a to r  or warning system which tr ig g ered  

an alarm when the o i l - w a t e r  In te r fa c e  was In danger o f  moving in to  

the water part  o f  the system. The warning system consisted o f  a 

metal rod which conducted a small amount o f  cu rren t through the water  

phase i''. the bottom o f  the c e l l .  The lowering o f  the in te r fa c e  to  

a p o s it io n  where the o i l  completely covered the rod in te rru p te d  the  

c i r c u i t  and a buzzer sounded. A schematic o f  th is  system is  shown 

in  Figure 8 .

The core was connected to  the low p ressuresys tem  through 

a hole in  the top end p la t e .  The top end p la te  was in  turn  attached  

to  the top o f the c e l l  w ith  & -inch s ta in le s s  s te e l tub ing .

The pressure seal fo r  the top was an 0 - r ln g  made of n l t r i l e  

rubber (Buna N 3 8 2 -9 ) .  V Iton 0 -r ln g s  were t r i e d  but they did not 

contain  the pressure a t  high temperatures. The n i t r l l e  0 -r in g s  de­

formed during the f i r s t  use but could be used numerous times w ith  

no leaks or fu r th e r  deform ation. They were o ccas io n a lly  replaced  

as a s a fe ty  precaution  even though no physical de fects  were 

encountered.

Temperature Equipment

The temperature In  the c e l l  was c o n tro l le d  by two e le c t r ic a l  

heaters cemented to  the outs ide  w all o f  the pressure vessel.  The
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2500 w a t t ,  220 v o l t  heater was used fo r  primary control o f  the tempera­

tu re  w h ile  the 500 w a t t ,  110 v o l t  heater was used to  m aintain  the  

temperature once i t  was e s tab lish ed . The l a t t e r  was manually c o n tro l led  

w ith  a v a r ia b le  transform er.

The temperature was measured ins ide  the c e l l  w ith  a thermocouple 

which extended below the top o f  the c e l l  l i  inches. A thermocouple 

was a lso  placed under the c e l l  to  a id  in reg u la t in g  the temperature o f  

the c e l l .  Both thermocouples were c a l ib ra te d  to  - 0 .5 ° F .

Sleeve Assembly

Neoprene, Hycar, Vi ton , and s i l ic o n e  rubber sleeves were used 

during the course o f  the in v e s t ig a t io n .  The low temperature phase o f  

the experiment was performed w ith  neoprene sleeves. These held up 

w ell a t  low temperatures and could be reused several tim es. For the 

low pressure, high temperature phase o f  the work neoprene was t r ie d  

but leaked I f  any d i f f i c u l t y  was encountered th a t  lengthened the time 

necessary to make the experimental run. The neoprene sleeves were 

replaced by a n i t r l l e  rubber (Hycar) which worked very w ell fo r  th is  

phase o f  the experiment. Hycar was not t r ie d  a t  high temperatures  

and pressures because o f  i t s  low temperature ra t in g .

The high pressure and temperature experiments were s ta r te d  

w ith  VIton (fluorocarbon rubber) s leeves. The temperature ra t in g  

fo r  Vi ton was s u f f i c i e n t ly  high but the Viton deformed badly and 

could be used only once. A reddish colored dye was expelled  from 

the V Iton a t  high temperatures and i t  impregnated the cores. Tests 

Ind icated  th a t no apprec iab le  change in brine r e s i s t i v i t y  took place  

upon the add ition  o f  th is  dye. The V iton sleeves were replaced by
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s i l ic o n e  (LS 63) rubber s leeves. The s i l ic o n e  rubber deformed 

s l i g h t ly ,  had no n o ticeab le  bad e f fe c ts ,  and could be used 3 or 4 

times before i t  was replaced.

Trouble was encountered e a r ly  in the experiment due to  the 

leaking o f the sleeves a t  the core»end p la te  ju n c t io n .  This was 

solved by p lac ing  a p iece  o f  3 /6 4 - in c h  th ic k ,  lead f o i l  between the  

core and the end p la te .  This s o ft  metal deformed to f i t  the core  

and f i l l e d  up the voids between the core and the end p la te  preventing  

the extrusion o f the rubber in to  these small holes. The lead worked 

s a t is f a c t o r i l y  except during the high temperature and pressure  

experiments. High temperature and pressure caused the lead to flow  

in to  and plug the In te rn a l  pressure reg u la t in g  hole in the upper end 

p la te .  The lead was replaced by cadmium fo r  the high temperature and 

pressure experiments. Cadmium was less m alleab le  than lead but so ft  

enough to c rea te  a good seal and make a good e le c t r ic a l  contact w ith  

the core.

The r e s i s t i v i t y  measuring system used in th is  work necessita ted  

the placing o f  two p o te n t ia l  measuring e lectrodes along the s ide o f  

the core. These e lectrodes were small (2 /5 6 )  s ta in le s s  s tee l nuts and 

bo lts  placed through the side o f  the s leeve . The head o f  each b o lt  

was f i l l e d  w ith  s i l v e r  so lder and then ground f l a t  to  approximately  

the o r ig in a l  head thickness. F i l l i n g  the screw d r iv e r  s lo ts  in  the 

b o lt  heads prevented the extrusion o f  the sleeve elastomer between 

the b o lt  head and the core. The sleeve was then placed on a mandril 

and 2 -  HSO holes were d r i l l e d  through the s id e , one inch a p art ,  

p a r a l le l  to the axis  o f  the s leeve. The bo lts  were then pushed
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through the holes from the ins ide  so tha t the heads would contact the

core when I t  was placed In the s leeve . A washer was placed on the

extending end o f the b o lt  fo llowed by a nut. The nut was tightened  

u n t i l  the head o f  the b o lt  appeared to  be p a r a l le l  w ith  the Inner

surface o f the s leeve. I f  the nut was too t ig h t  the s leeve would

crea te  a bump on the sleeve and the e lec trode  would not contact the  

side o f  the core. Once the core was placed In the s leeve  the con­

t i n u i t y  was checkea between the p o te n t ia l  e lec trodes  and the end 

p la te s .  I f  the p o te n t ia l  e lec trodes  did not make good contact w ith  

the core, the  nut was loosened u n t i l  I t  was s a t is fa c to r y .  Once the  

p o te n t ia l  e lectrodes were In a s leeve they were l e f t  In  p lace  u n t i l  

the sleeve was d iscarded. The changing o f p o te n t ia l  e lec trodes  

g e n e ra l ly  resu lted  In leaks In the sleeve around the b o lts .

Porosity  Change Apparatus

The changes in  the core p o ro s ity  were measured w ith  a 

c a l ib ra te d  p ip e t te  which had a to ta l  volume o f  0 .2  ml. and could  

be read to  0 .0002 ml. The p ip e t te  was attached to  the core by 1 /8 -  

Inch s ta in le s s  s tee l tubing and a hole through the upper e lec tro d e  

assembly o f  the c e l l .  A l ig h t  was d irec te d  on the p ip e t te  so that  

the w a t e r - a I r  In te r fa c e  could be seen e a s i ly .

R e s is t iv i ty  Measuring Apparatus

The c o n v e r t ib le  two to  four e le c tro d e  r e s i s t i v i t y  measuring 

device used to measure the r e s i s t i v i t y  o f  the cores is  shown

zs
schem atica lly  in Figure 9 .  This system Is  s im i la r  to  th a t  o f  Rust 

A fo u r -e le c tro d e  system has two e lectrodes In contact w ith  the ends 

of the core which c a rry  the cu rren t and two e lectrodes along some



FIGURE 9
SCHEMATIC OF RESISTIVITY MEASURING SYSTEM

VARIABLE 
AC SOURCE

MILLIAMPERE
METER

10

A A A r
I 0 0

o—W V
SCALE lopci
SWITCH O— — A / v V

 u — o — '
/  SCALE

PRECISION
RESISTORS

2 - 4
SWITCH

CORE

a  *

MEASURE

i ) -------------------------
AC 0

o VACUUM TUBE
CALIBRATE VOLT-METER

a — — 1 V ci \

Wo

MEASURE CALIBRATE 
SWITCH



31

portion  of the side o f the cc ; .-.'hich measure the p o te n t ia l  drop. A 

tw o-electrode system does not have special p o te n t ia l  e lectrodes but 

measures the p o te n t ia l  between the end e lec tro d es . Two-electrode  

systems are very s e n s it iv e  to any d is to r t io n s  o f current density  a t  

the c o re -e lec tro d e  contacts and in many cases must be c a l ib ra te d  fo r  

the f u l l  range o f  r e s i s t i v i t i e s  to be measured. A fo u r -e le c tro d e  

system is not s e n s it iv e  to  contact resistances a t the current  

e lectrodes because the p o te n t ia l  e lectrodes are g e n e ra l ly  fa r  enough 

away from the ends o f the core to a llow  the curren t density  to  

become uniform.

A v a r ia b le  vo ltage  60-cyc1e current was passed through the

core, a p rec is ion  re s is to r ,  and a m illiam m eter a l l  o f  which were in

s e r ie s . A vacuum tube vo ltm eter (VTVM) was placed across the

prec is ion  re s is to r  and the vo ltage adjusted u n t i l  the meter read

f u l l  sca le . The VTVM was then placed across the core to make

c e r ta in  the curren t remained constant. The res is tance  was then

obtained by the fo llo w in g  theory:
Vc

on c a l ib r a te  *c °  T”

on measure I = —
™ ’’m

' c ■ 'm

then

V
and ""m " V ” "  (% d e f le c t io n )  Xr^
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The resis tance o f  the unknown was thus obtained as the percentage 

d e f le c t io n  o f the VTVM times the c a l ib r a t io n  re s is to r  va lu e . The 

voltage measuring instrument (VTVM in th is  case) had to  be l in e a r .  The 

accuracy o f  the measurement was the accuracy of the c a l ib r a t io n  re s is to r .  

Changes in lead resis tance from one measurement to  another d id  not 

a f fe c t  the readings as a c a l ib r a t io n  was performed fo r  each measurement. 

This was essentia l as the leads in and around the c e l l  changed tempera­

tu re  w ith  the c e l l  and thus changed res is tance . The VTVM used was a 

10-cycle per second b a tte ry -opera ted  Hewlett Packard 404A. The d if fe re n c e  

between the measuring frequency and the VTVM frequency reduced the noise  

level o f the measurements. The in te rn a l resis tance o f the VTVM was 

0 .5  megohms and thus the current required by the vo ltag e  measuring 

system was very low and fo r  a l l  p ra c t ic a l  purposes d id  not d is tu rb  

the current flow through the core.

EXPERIMENTAL PROCEDURE

The experiment was separated in to  three phases. The r e s i s t i v i t y  

of the samples was measured at various pressures holding the tempera­

ture  constant, a t various temperatures a t constant pressure, and 

f i n a l l y  a t  vary ing temperatures and pressures applied  sim ultaneously .

The temperature and pressure in the l a t t e r  phase needed to  be increased  

at the same ra te  fo r  each experiment and thus some pressure-tem perature  

re la t io n s h ip  was necessary. The point o f  100°F. and 1000 p s ig . was 

considered a good i n i t i a l  point to  c o r re la te  w ith  the temperature data  

and a maximum external pressure o f 10,200 psig . was chosen to  a llow  

a net stress on the rock o f 9000 p s i .  a t 400°F . I t  was not deemed
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advisable  to exceed 10,000 ps ig . and 400°F. to  any exten t because 

o f the sleeve and O -ring  problems being experienced a t the time the 

decision was made. These end po in t conditions and the use o f  a l in e a r  

pressxre-tem perature  re la t io n s h ip  resu lted  in using

P = ^  T -  1664 (12)

where: P is  the net s tress  in p s i .  and,

T is  the temperature in  °F.

The actual externa l pressure was 1200 ps ig . above the net s tress  as 

the in te rn a l pressure was 1200 ps ig .

The core to  be mounted in  the e la s t ic  s leeve was placed in  

a beaker o f b r in e .  The sleeve was slipped over the core w h ile  s t i l l  

submerged, to a p o s it io n  where the end o f  the core and the s leeve were 

f lu s h .  The s o l id  lead f o i l  d isc was placed against the recessed end 

o f the core, fo llowed by the end p la te .  The top part  o f  the pressure  

vessel was placed upside down w ith  the attached top end p la te  fac ing  

up. The duct in the end p la te  and c e l l  top was f i l l e d  w ith  b r in e .

The lead disc w ith  the 3 /3 2 - in c h  hole in the cen ter  was placed on 

the top end p la te .  The f lu sh  end o f the core and sleeve were placed 

on the top end p la te  and the sleeve s l id  over the assembly u n t i l  the  

sleeve completely covered both end p la te s .  Number 22 w ire  was then 

wound t ig h t l y  around the sleeve fo rc ing  i t  against the sides o f  the  

end p la te .  The w ire  was soldered a t two places a f t e r  f iv e  or s ix  

winds were in p lace . The ends o f  the w ire  were then tw isted  together  

to  make sure the w ire  would not come o f f .

The e le c t r ic a l  leads from the top o f the c e l l  were connected
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and the c o n t in u ity  checked as p rev io u s ly  described.

The core assembly was then placed in the c e l l  and the head 

bolted down. The c e l l  was f i l l e d  w ith  o i l  and a l l  e le c t r ic a l  and 

pressure connections a ttached . A s l ig h t  pressure was placed on the  

sleeve and released to expel any w ater between the core and the s leeve.

The procedure from th is  p o in t on varied  w ith  the phase of the  

experiment being performed. During the f i r s t  phase the pressure was 

u su ally  raised to 300, 900 , 1500, 2500, 3500, 4500, 6000, 8000, and

10,000 psig. The pressure a t  each leve l was maintained u n t i l  the  

r e s i s t i v i t y  o f  the core and the pore volume were constant. The 

r e s i s t i v i t y  o f  the sandstones reached eq u il ib r iu m  in 30 minutes to  

one hour and the pore volume reached eq u il ib r iu m  in one to two 

hours. R e s is t iv i ty  and pore volume measurements were made every  

15 to 20 minutes.

The v a r ia b le  temperature and constant net stress  experimental 

runs required the core to  be i n i t i a l l y  stressed. An in te rn a l  pressure  

o f 1100 psig . was app lied  to  prevent b o i l in g  o f  the b r in e  a t  400°F.

At the same time a 2100 ps ig . externa l stress was applied  to give a 

net stress o f 1000 p s i .  This net s tress was maintained throughout 

the experimental run.

I n i t i a l l y ,  e q u i l ib r iu m  was a t ta in e d  a t a net stress o f  1000 

p s i.  fo llow ing  which the temperature was raised in increments o f  

approximately 50°F. The temperature was manually regulated and thus 

a large  amount o f  experience fa c to r  was applied in obta in ing  constant 

or near constant in te rv a ls  in readings. To ra is e  the temperature  

both heaters were turned on. The temperature at the  outs ide surface
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of the vessel was observed and when the external temperature was w ith in  

35°F. o f  the desired temperature both heaters were turned o f f .  The 

in te rn a l temperature then "coasted" to the desired temperature. The 

desired temperature was held by turn ing on the 500 w att heater and 

ad justing  the v ar iac  so than a small temperature d i f fe re n c e  was 

maintained between the ins ide  and outside of the c e l l .  Inasmuch as 

an increase in the temperature o f the vessel caused the f lu id  to  

expand and increase the pressure, l iq u id s  were bled o f f  both the  

in te rn a l and external systems to m aintain a constant pressure. The 

existence of a constant r e s i s t i v i t y  and a constant pore volume was 

assumed to c o n s t i tu te  e q u il ib r iu m . This g e n era l ly  occurred 1 to 1  ̂

hours a f te r  the c e l l  reached the desired temperature.

During the t h i r d  phase, the temperature and pressure were 

raised simultaneously using the same procedure as the second phase 

except that the external  pressure was allowed to r is e  to the desired  

level before bleeding o f f  o i l .

The changes in poros ity  were only determined fo r  the v a r ia b le  

pressure experiments. Some data was c o l le c te d  during the e levated  

temperature and pressure cases but the corrections  necessary to 

adjust the data fo r  the v a r ia t io n  in temperature were very large  

because of the s ize  o f the system, which was d ic ta te d  by safety  

considerations. Expansion data fo r  aqueous sodium c h lo r id e  were 

a v a i la b le  up to 200°F. beyond which i t  was necessary to e x trap o la te  

using the assumption tha t the expansion of the brine  was the same as 

that o f pure water. The l a t t e r  was not acceptable because the two 

sets o f  data began to dev ia te  around 200°F. The v a r ia t io n  in th is
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assumed function could e a s i ly  be la rger  than the very small so-ca l led  

poros ity  changes c a lcu la ted .  I t  was thus decided that u n t i l  adequate 

data on aqueous sodium ch lo r ide  expansions due to temperature were 

a v a i la b le  these corrections were meaningless.



CHAPTER IV 

DISCUSSION OF THE DATA ACCURACY

PRESSURE

The pressure in the autoclave was measured with  two gauges. 

Pressures up to 3000 ps ig .  were measured on an Ashcroft  gauge 

w hi le  the pressures between 3000 and 10,000 were measured on a 20,000  

psig.  Marsh gauge. These gauges could be read to -  5 psig .  and *  25 

p s i g . ,  r e sp ec t ive ly .  Both gauges were dead weight tested and c a l i ­

brated.  The accuracy of  the Ashcroft  gauge was 0.2% at  f u l l  scale  

and 0.5% at 1000 psig .  The accuracy of  the Marsh gauge was 0.25% 

at 10,000 psig .  and 1% at 3000 ps ig .  The pressure measurements are  

considered to be w i th in  1%.

During one B r ia r  H i l l  experiment the V iton sleeve intruded  

in to  the core.  The Vi ton deformed badly under high pressure and 

temperature. The B r ia r  H i l l  pores were r e l a t i v e l y  large and the core 

was penetrated 3 to 4 gra in diameters.  This was the only case in 

which the sleeve was observed penetrat ing  a core.  Genera l ly ,  the 

sandstone cores allowed the lead f o i l  discs to penetrate  the ends up 

to one grain  diameter under high pressure and/or temperatures. This 

was possibly  the reason the two e lectrode r e s i s t i v i t y  measurements 

were e r r a t i c  and could not be used. The r e s i s t i v i t y  measurements 

used were not a f fec ted  because they were made over the center  port ion  

of the core between the two p o te n t ia l  e lectrodes.

37
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The pressure applied to the core was assumed to be uniform 

throughout the core.

RESISTIVITY

The r e s i s t i v i t y  measuring system according to theory,  and in 

f a c t ,  measured the r e s i s t i v i t y  w i th in  -  1%. The r e s i s t i v i t y  system 

was checked fo r  accuracy using prec is ion  res is tors  covering the 

complete range of readings made.



CHAPTER V 

RESULTS AND ANALYSIS OF DATA

PRESSURE EXPERIMENTS

The a p p lic a t io n  o f simulated overburden pressure resulted  in 

an increase in the r e s i s t i v i t y  o f the rocks. The r e s i s t i v i t y  increased  

ra p id ly  w ith stresses up to 1000 psig . a f t e r  which the ra te  o f  increase  

c o n tin u a lly  lessened as increased stresses were applied  w ith  the excep­

t io n  o f  the Paradox limestone which reached a constant ra te  o f  increase  

above 1000 ps ig . The e f fe c ts  o f net pressure on the r e la t iv e  Formation 

R e s is t iv i ty  Factor ( th e  Formation R e s is t iv i ty  Factor a t pressure p 

div ided by the Formation R e s is t iv i ty  Factor at atmospheric pressure) 

of the Alundum, Bandera, Berea, B r ia r  H i l l ,  Dean, and Paradox are  

portrayed in Figure 10.

Figure 11 is  a comparison of data o f F a t t ,  Redmond, G la n v i l le ,  

and the author. The data a l l  have the same general shape although  

the data o f Redmond and the author increase more ra p id ly  up to 1500 

p s i .  This is possib ly  due to the more f l e x ib le  core mountings used. 

G la n v i l ie 's  sample was a limestone and thus not d i r e c t ly  comparable.

The p o ro s it ies  o f the compared samples are approximately the same.

Mercury in je c t io n  pore s ize  d is t r ib u t io n  measurements were 

made on a l l  sample types and are shown in Figures 12 to 17*

The c o r re la t io n  o f the r e la t iv e  Formation R e s is t iv i ty  Factor 

w ith  net stress is  a problem w ith  many fa c e ts .  I t  appears possible
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FIGURE 14 
MERCURY INJECTION PORE SIZE 
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FIGURE 15 
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to estab l ish  c o r re la t io n s  fo r  most p a r t i c u l a r  cases but a general  

c o r re la t io n  is evasive.  One of the big problems is the lack of  

published rock propert ies  fo r  the pressure data a v a i la b le  as well  as 

the great v a r ia t io n s  in experimental  procedures.

An attempt was made to v e r i f y  the c o r r e la t io n  o f  Dobrynin

(Equation 1) but i t  was unsuccessful . One of the big obstacles was

the c o r re la t io n  of  pore co m p ress ib i l i ty  with  pressure. Above 500

p s i . Dobrynin's data were l in e a r  on semi log graph paper but the data

18of the author (and also Knutson and Bohor ) were only  l i n e a r  fo r  a 

very short in t e r v a l ,  ignoring th is  problem and forc ing  a curve f i t  

to the data i t  was then impossible to f in d  a c o r r e la t io n  between 

Equation (1) and the data .  The o v e r - a l l  problem is be l ieved to be 

the great re l ia nce  o f  th is  method on the low pressure data ,  and 

the id e a l i z a t io n  of  the pressure-compressibi1i t y  re la t io n s h ip .

Some c o r r e la t io n  between r e s i s t i v i t y  and pore c om press ib i l i ty  

may be possible (Figure 18) in special cases but as com press ib i l i ty  

is a function of  pore volume change and r e s i s t i v i t y  is more than 

j u s t  th a t ,  the in t e r c o r r e la t io n  is not a logical  place to s t a r t .

I t  should be noted that the p ressure -compress ib i l i ty  curves presented 

by Knutson and Bohor are very regular  and smooth fo r  the quarry sand­

stones, but show d e f i n i t e  character fo r  the subsurface samples. This 

character (v a r ia t io n  in d i r e c t io n  and magnitude of  the curve) may 

indicate  tha t rocks have a "memory" and the i r r e g u la r  v a r ia t io n s  of  

com press ib i l i ty ,  p o ro s i ty ,  perm eab i l i ty ,  and r e s i s t i v i t y  may be some 

function of  the subsurface stress condit ions under which the sample 

was at equi l ib r ium .  I t  is qu i te  possible that these subsurface
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samples w i l l  be able to " t e l l  us" more about the condit ions ex is t in g  

below the surface than we can guess a t .  I f  th is  is so i t  may be 

possible to run a ser ies  of  measurements and determine the actual  

p e rm ea b i l i ty ,  p o ro s i ty ,  r e s i s t i v i t y ,  e tc .  the sample had in -s i  tu as 

well  as the stress condi t ions which would be o f  great value in our  

evaluation and s t im u la t io n  techniques.

The f ra c t io n a l  volume of small pores ( i . e . ,  with  equivalent  

radi i  o f  less than 0 .5  microns) appear to have some in f luence  on the 

s e n s i t i v i t y  o f  r e s i s t i v i t y  to overburden pressures as shown in Figure  

19. The s c a t t e r  o f  the data is ra ther  wide but there does appear to 

be a general trend.  The alundum was used as an anchor po int  because of  

i t s  very low f r a c t io n a l  volume of pores less than 0 .5  microns. At 

1000 p s i .  net pressure a l l  the data are r e l a t i v e l y  close to the curve 

whi le  a t  10,000 p s i .  the points are genera l ly  close to the curve with  

the exception of  the Dean which has moved completely o f f  the graph.

The data used in th is  p lo t  are summarized in Table 111.

A good c o r r e la t io n  between the r e l a t i v e  formation r e s i s t i v i t y  

fac to r  at  1000 p s i .  and the c la y  content was obtained fo r  the shale 

and shaly sands. For th is  c o r r e la t io n  (F igure 20) the Br ia r  H i l l  was 

assumed to have a c la y  content of  approximately 2% which appeared to 

be reasonable.  This re la t io n s h ip  is not compatible w i th  the clean  

formations such as the Paradox and Alundum because i t  assumes that  

the com press ib i l i ty  o f  the sand is a function of  the shale content  

which implies that a clean formation would have very l i t t l e  i f  any 

response to pressure up to 1000 p s i .  which is not the case.

An examination of  Figure 10 reveals that beyond a net pressure
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TABLE I I I

SUMMARY OF THE EFFECTS OF PRESSURE

Sample 1000 p s i .

pP
F
10,000 p s i .

Percent  
Pore Volume With Radius 

^.5 m , ^ 1  m

A0
0

1000 s p i . 10,000 p s i .

Dean 1.35 2.51 97 9 7 .5 .123 .264

Paradox 1.35 1 .49 9 7 .5 98 .47 .61

Bandera 1.19 1.30 31 38 .0475 .089

Berea 1.16 1.27 14 18 .048 .08

B r ia r  H i l l 1.11 1 .22 18 23 .0435 085

Alundum 1.005 1 .005 4 6 .5 .058 .064

m = micron (10 ^ meters)
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of 1000 ps i .  the data fo r  the sandstones and l imestone may be approxi­

mated by a s t r a ig h t  l i n e .  The slope o f  th is  l i n e  fo r  the sandstones

ranges from 12.5 to 13 x 10 ^ p s i .  ' wh i le  fo r  the l imestone the slope 

“6 ■■ 1is 21 x 10 p s i .  . Two approximate re la t ionsh ips  become immediately 

evident.  The f i r s t  is the combination of  the percent shale c o r re la t io n  

(F igure 20) and the constant slope fo r  the shaly sands which is

pP (■
= 1.053 + .147 log C + 12.5 x 10"° (P -  1000) (13)

where C is the percent c lay  and P is the net pressure in p s i .  The 

second r e la t io n s h ip  is the combination of  the pore volumes less than 

0 .5  microns at  1000 p s i .  and the s t r a ig h t  l i n e  c o r r e la t io n  above 1000 

psi .

p
= .868 + .225 log (PV <(.5) + A (P -  1000) lo"^ (14)

where PV 5 is the percent o f  pore volume of  pores w i th  equivalent  

rad i i  less than .5 microns and A is  a l i th o lo g y  constant o f  12.5 fo r  

sands and 21 fo r  l imestone.

A graphical  comparison o f  Equation (13) and the data are shown

in Figure 21. The data are wel l  represented by the equation as a l l  the

data are w i th in  4% of the ca lcu la ted  values fo r  pressures g reater  than 

1000 ps i .  Equation (13) is very l im i ted  in scope and appears to be 

good fo r  s l i g h t l y  to moderately shaly sands. I t  does not represent  

the shale which has a much greater  slope.  I t  may be possib le  to 

expand th is  c o r r e la t io n  to more shaly sands w i th  the a v a i l a b i l i t y  of  

more data.

A graphical  comparison of Equation (14) and the data is presented
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in Figure 22. The agreement is only f a i r  with  a l l  the data w i th in  

10% and most of  the data vary ing from 6 to 8% from the ca lcu la ted  

values.  Equation (14) is more general than Equation (13) but s t i l l  

does not represent the alundum response to pressure as the alundum 

increased very l i t t l e  beyond 1000 ps i .

Ne ither o f  these two approaches should be considered more 

than an empirical  way to obta in  an approximate in d ica t io n  o f  the 

e f f e c t  o f  net pressure,  although th is  type of  approach is very  

d esi rab le  because o f  the l im i ted  amount o f  data needed to obtain  

an answer.

For completeness, an analysis  o f  the change in m (F = 0"'”) 

with pressure is presented in Figure 23. I t  is in te r e s t in g  to note 

that  the three sandstones occupy approximately the same r e l a t i v e  

posi t ion they did in the r e l a t i v e  Formation R e s i s t i v i t y  Factor p lo t  

(Figure 10) whi le  the l imestone and alundum are transposed. The 

magnitude of  the shale has been reduced. Unfor tunate ly  the v a r i a t io n  

in "m" only ind icates that  the Formation R e s is t i v i t y  Factor is varying  

at the same ra te ,  g reater  than,  or less than the reciprocal  of  

porosity  to the m exponent. A c loser  look,  using Owen's model as a 

guide,  might imply that i f  m increases with  pressure the c o n s t r ic t io n  

fac to r  increases or the small pores are being decreased in radius more 

than the la rger  pores. A decrease in m would imply tha t  the larger  

pores were being closed more than the smaller ones. The l a t t e r  

possibly indicates a pseudo viscous deformation as exh ib i ted  by the 

l imestone.  The shale would then be a combination of  y ie ld in g  and 

closing of small pores re su l t in g  in the decrease of  separat ion
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between the shale and the sandstones. The use o f  th is  type of  analysis  

to f l u i d  f low a t  overburden condit ions might provide some in te res t in g  

r e s u l t s .

The importance of  knowing the e f f e c t  o f  pressure on the 

Formation R e s is t i v i t y  Factor is not obvious u n t i l  the routine  use of  

subsurface measurements is examined. Arch ie 's  equation (10) is used 

in two ways in routine well  log analys is .  I f  poros i ty  is required  

from a r e s i s t i v i t y  measurement an m fa c to r  must be a v a i l a b l e .  These 

are genera l ly  determined at  atmospheric condit ions in a laboratory  

where the porosi ty  and Formation R e s is t i v i t y  Factor are  measured and 

m ca lcu la ted  (F = This may be best demonstrated with  the

Paradox laboratory  data .  At atmospheric condit ions the Formation 

R e s is t i v i t y  Factor was 432.5 and the porosi ty  was 2.82%. The m 

c a lcu la ted  from these values was 1.7* I f  we now assume tha t  one of  

the measurements made under pressure (say 4000 p s i . )  was the value  

measured wi th a wel l  log we have an F o f  612.5» I f  we use the m of  

1.7 ca lcu la ted  from the atmospheric data as is r o u t in e ly  done we 

obta in  a porosi ty  o f  1.26% fo r  an e r ro r  of  82%.

In many cases in wel l  log in te r p r e t a t io n  in -s i  tu poros i t ies  

are implied d i r e c t l y  from subsurface measurements and i t  is necessary 

to convert them to a Formation R e s is t i v i t y  Factor to compare with  

r e s i s t i v i t y  measurements. Once more using the Paradox data and the 

calcu lated  atmospheric m of 1.7 we w i l l  fo l low the routine  used by 

log ana lysts .  From one of our porosi ty  tools we obta in  a porosity  

of 1.26%. Using the m of 1.7 and F ■ j5~’" we c a lc u la te  an F of  I6d0.  

The ca lcu la ted  F is 174% g reater  than the measured value o f  613.
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The foregoing two examples Ind ica te  the large  errors  possible  

by not considering the e f f e c t s  o f  overburden pressure and in a small 

way ind ica te  the need fo r  a r e l i a b l e  means of convert ing between 

r e s i s t i v i t y  and poros i ty  a t  in -s i  tu condit ions.

I t  is obvious th a t  a more d e ta i le d  work must be done on the  

ef fe c ts  o f  pressure on the r e s i s t i v i t y  o f  rocks taking in to  considera­

t ion  such v ar iab les  as pore s izes ,  composition,  po ro s i ty ,  grain  

geometry, and other basic physical  p roper t ies .

TEMPERATURE

The v a r ia t io n  of  the r e l a t i v e  Formation R e s i s t i v i t y  Factor at  

constant e f f e c t i v e  stress and increasing temperature was g enera l ly  

the same fo r  a l l  samples. The r e l a t i v e  Formation R e s is t i v i t y  Factor  

decreased from the i n i t i a l  value o f  1, reached a minimum, and then 

increased as shown in Figures 24 to 26. The data fo r  low ( less  than 

2000 p s i . )  net stress can be represented genera l ly  as

. r / T N  i . /  T
F = Ij-r fe )  '  *  ( i f e  J  *  ( '5 )

pT
where —  is the r e l a t i v e  Formation R e s is t i v i t y  Factor  

T is the temperature in °F.

c <  is a v a r ia b le  which locates the minimum with  respect to

temperature.

A determines the magnitude of  the minimum, and 

G Is a constant tha t  normalizes each curve a t  the i n i t i a l  

temperature.

The minimum r e l a t i  Formation R e s is t i v i t y  Factor value is a

function of  the percent of  pore volume represented by pores w i th  a
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FIGURE 25 
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FIGURE 26
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diameter less than 0 .5  microns (h e re a f te r  re fe rred  to as the pores 

less than . 5) as shown in Figure 27- i t  would be expected that  "A" 

would be some function of  the pores less than .5  microns. A c o r r e la ­

t ion  o f  "A" and the pores less than .5 microns fo r  an c< o f  2 .9  is

presented in Figure 28. Figure 29 shows the r e la t io n s h ip  between 
pT

A, , and —  minimum. The data were obtained by in t e r p o la t io n  of  

the resul ts  of  40 ser ies o f  ca lc u la t ions  o f  Equation (15) fo r  tempera­

ture  from 80 to 400°F.  I t  should be noted that  the magnitude of  the 

minimum r e l a t i v e  Formation R e s is t i v i t y  Factor is not a function of  

temperature.  The re la t io n s h ip  between pos i t ion  of  the minimum and 

c>i is approximately

Tmin *  100 ( OC -  .2) (16)

Using only the pores less than . 5 microns some t r i a l  c a lc u la ­

t ions  were made to check the accuracy o f  the equation.  Assuming an 

of  2.7  fo r  the sandstones and 2 .9  fo r  the l imestones,  Table IV 

was c a lcu la ted .  For ease o f  discussion Equation (15) w i l l  be 

represented as

pT
p- = G + X. ( 17)

A was f i r s t  obtained from the pore s ize  d i s t r i b u t i o n  and Figure 28

and then corrected to the appropr ia te  using Figure 29. The

i n i t i a l  A and oC = 2.9 were located on th is  graph and then fo l lowing

p a r a l l e l  to the curves the point was s h i f te d  to the new A and oC .

X was then ca lcu la ted  fo r  a temperature o f  80°F.  G was determined
pT

as 1-X. Using th is  G, was ca lcu la ted  fo r  the desired tempera-
pT

tures between 80 and 400°F.  The minimum —  was obtained by varying



- 6 5 -

, o o p
i i i i i t f f lm f l i i i f l i i f f l a M g f f l i i i iB M f i i w iSHALE

FIGURE 27
PERCENT PORE VOLUME< . 5 MICRONS 

VERSUS MINIMUM

U it i i

I t  ! '

MINIMUM RELATIVE FORMATION RESISTIVITY FACTOR



.4

.2

.08

.06

.04

FIGURE 28
PORE VOLUME< .5  MICRONS

VERSUS “ A

I
40 50 60 70
P V < .5 /i(P E R  CENT)



FIGURE 29
VERSUS a

( )— VALUE 
MINIMUM



6 8

the temperature and recorded in Table IV. The ca lcu la ted  values o f  
pT

the minimum —  are w i th in  2% of the experimental  values.  Although 

some s h i f t  would be necessary to pos i t ion  the curves w i th  respect  

to temperature the o v e r - a l l  c o r r e la t io n  appears to be good. Figures 

3 0 , 31 , and 32 show the comparison o f  the actual  experimental  data  

and the ca lcu la ted  data fo r  the Paradox, Br ia r  H i l l ,  and Dean Sand 

fo r  approximated ex. 's .  The agreement is good.

The decrease in the r e l a t i v e  Formation R e s is t i v i t y  Factor  

is hypothesized as being the re su l t  o f  the thermal expansion of  

the rock grains causing the opening of the small pore diameters  

and thus reducing the r e s i s t i v i t y  in somewhat the reverse o f  what 

happens upon the ap p l ic a t io n  o f  pressure on the rock frame. The 

increase a f t e r  the minimum is bel ieved to be due to the thermal 

weakening of the cement binding the grains which closes the small 

pores again.  The r e l a t i v e  Formation R e s is t i v i t y  Factor o f  alundum 

did not vary appreciably  with  temperature which more or less 

el iminates  the brine  as the cause of the v a r i a t i o n .  The v a r ia t io n  

in water r e s i s t i v i t y  due to temperature and pressure does not 

appear to vary more than .5% from the v a r ia t io n  o f  the water  

r e s i s t i v i t y  with  temperature only .  The e x is t in g  data do not 

cover th is  case but th is  is bel ieved to be a very close est imate .

The shale content does not appear to be a major fa c to r .

The behavior of  the Dean Sand was not exac t ly  the same as 

the other samples. The decrease in the r e l a t i v e  Formation R e s is t i v i t y  

Factor went through an abrupt change of slope at 230° and then went 

through a minimum at 340°F. I t  is bel ieved that the shalr  ■ is
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TABLE IV

COMPARISON OF EXPERIMENTAL AND CALCULATED RELATIVE 
FORMATION RESISTIVITY FACTORS

Sample PV < 5  
(%)

A
( o c  = 2 .9 )

CK. A Calculated  
Mi ni mum

Experimental  
Mi ni mum

Berea 14 .03 2.7 .04 .97 .97

Paradox 97.5 .3 2.9 .305 .69 .69

Bandera 31 .049 2.7 .059 .95 .95

B r ia r  H i l l 18 .034 2.7 .044 .96 .945
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FIGURE 31
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FIGURE 32
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experiencing the same minimum as the other samples but a lso a hydrating

or dehydrating phase. 
pT

The —  was measured fo r  the Berea fo r  e f f e c t i v e  stresses o f  200,

2400, and 4000 p s i . There was no change between the 200 and 2400 p s i .

data but there was an increase fo r  the 4000 p s i .  data.  The 4000 ps i .  
pT
—  showed almost no minimum but increased 15% above the i n i t i a l  value .  

These data ind ica te  tha t  the rock deformed as a function of  both 

temperature and pressure.  I t  would appear tha t deformation occurs at  

high temperatures and low pressures,  and at  high pressures and moderate 

temperatures.

The absence o f  poros i ty  data corresponding to the temperature  

data is unfortunate  as i t  prevents any real  q u a n t i t a t i v e  diagnosis o f  

the data.  I t  does ind ica te  tha t the change in r e s i s t i v i t y  is consider­

able in some cases and should be investigated fo r  each p a r t i c u l a r  case 

where laboratory  data must be used as a c a l i b r a t i o n  to f a c i l i t a t e  

in te r p r e t a t io n  of  subterranean measurements.

PRESSURE-TEMPERATURE EXPERIMENTS

The resul ts  o f  the combined pressure-temperature experiments 

are shown in Figures 33 to 37 and are compared to composite pressure  

plus temperature curves obtained by the add i t ion  of  the two independent 

sets of  pressure and temperature data and normalized to a common 

beginning of 100°F. and/or 1000 ps i .  The normalizat ion placed both 

curves (experimental  and composite) at  the same i n i t i a l  point  to 

f a c i l i t a t e  comparison. The agreement between the two curves is good 

with  the exception o f  the Paradox which appears to be y -e ld in g .  The 

408°F. point  for  the Paradox was not an equ i l ib r ium  point but was
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FIGURE 34 
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FIGURE 35
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FIGURE 36
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obtained four hours a f t e r  the app l ica t ion  o f  temperature and pressure  

When the r e s i s t i v i t y  was s t i l l  changing ra p id ly  and i t  became apparent  

that  an equ i l ib r ium  condi t ion would not be obtained for  a considerable  

t ime.

No pressure-temperature data were obtained fo r  the Dean as 

equi l ibr ium was not obtained w i th in  36 hours a f t e r  the f i r s t  temperature  

and pressure increase.  The manual operat ion of  the equipment made 

wai t ing  fo r  equ i l ib r ium  im p rac t ica l .

In general the data ind ica te  tha t the addi t ion  o f  the separate  

pressure and temperature data may be used to construct the e f fe c ts  

expected by combined temperature-pressure experiments fo r  the normal 

temperatures and pressures experienced by formations.  This l a t t e i  

conclusion is not as important as i t  would have been before the develop­

ment o f  a routine system o f  measuring the combined e f f e c t s .

The devia t ions between the composite and the experimental  data  

are considered to be caused by the "pseudo v is c o s i ty "  of  the samples. 

This y ie ld in g  was noticed in a l l  samples although the l imestone and 

shale were the most pronounced. This pseudo viscous y ie ld in g  o f  the 

l imestone could account fo r  the low matr ix  poros i t ies  o f  limestones 

and indicates  the p o s s i b i l i t y  of  a c o r re la t io n  of  m atr ix  porosi ty  and 

depth fo r  l imestones s im i la r  to tha t noticed by Athy^ fo r  shales.



CHAPTER VI 

CONCLUSIONS

The measurement o f  physical  proper t ies  a t  simulated overburden 

condit ions are essentia l  to improve analyses of  porous media behavior  

demanded by advancing technology in the f i e l d  o f  re se rv o i r  engineering.  

E le c t r ic a l  r e s i s t i v i t y  is one of  the key propert ies  as i t  is t i e d  to  

the determination o f  the c r i t i c a l l y  needed poros i ty  and f l u i d  satura ­

t io n .

The f i r s t  phase o f  th is  in v e s t ig a t io n  was the development of  

a high pressure and temperature c e l l  which made possib le  fo r  the f i r s t  

time the measurement o f  rock r e s i s t i v i t i e s  a t  temperatures to 400°F.  

and/or pressures to 10,000 p s i .  This c e l l  w i l l ,  w i th  only s l ig h t  

modif ica t ions ,  make possible  the study o f  f l u i d  f low through porous 

media under these same severe condi t ions.

The e f f e c t  o f  increased temperature on the r e s i s t i v i t y  of  

formations is a function o f  the f r a c t io n  o f  small pores wi th  ra d i i  

less than .5 microns and some unknown fa c to r  which locates the 

temperature at  which the minimum occurs. For tunate ly  the minimum 

can be assumed c lo se ly  enough fo r  p ra c t ic a l  purposes once the rock 

type is known.

The s e n s i t i v i t y  o f  the r e s i s t i v i t y  of  formations to net 

pressure is among other  factors  a function o f  the volume of  small 

pores and the c lay  content o f  the sample. No general c o r r e la t io n

80
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is a v a i la b le  a t  th is  time tha t  w i l l  p red ic t  the e f f e c t  o f  pressure on 

r e s i s t i v i t y  although a c o r r e la t io n  o f  th is  type would be very valuable .

The e f f e c t  o f  combined temperature and pressure on the res is ­

t i v i t y  of  rocks is the sum of the separate temperature and pressure 

e f fe c ts  fo r  low to moderate condi t ions.  Above these condit ions the 

formations tend to e x h ib i t  a pseudo viscous behavior.

Caution must be employed in ge nera l iz ing  the resu l ts  obtained  

in th is  or any work to a l l  consolidated porous media because i t  is 

never possible to in v es t ig a te  but a few representa t ive  samples. As 

t h is  in v es t ig a t io n  has shown, there  is wide v a r ia t io n  in the re s is ­

t i v i t y  o f  porous media and the manner in which i t  is a f fe c te d  by 

temperature and pressure.
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SAMPLE DESCRIPTIONS 

Alundum -  manufactured porous medium normally used as water f i l t e r s

-  i t i s aluminum oxi de

-  the homogeneity c lose ly  contro l led  

Berea -  quarry sandstone

-  subarkose, f i n e  grained sand

-  moderately wel l  sorted

-  moderately hard

-  laminated

Bandera -  quarry sandstone (Bandera Stone Quarry, R e df ie ld ,  Kansas)

-  fe ldsp ath ic ,  subgraywacke, very f in e  sandstone

-  moderately wel l  sorted

-  sof t  competency

B r ia r  H i l l  -  quarry sandstone ( B r ia r  H i l l  Stone Company, Glenmont, Ohio, 
P o t t s v i l l e  format ion,  Pennsylvanian Age)

-  subarkosic,  medium grained-sandstone

-  moderately wel l  sorted  

Dean -  s i l t y  shale

-  medium to dark grey in color

-  bur ia l  depth 858O feet

-  buria l  temperature 135°F.

Paradox -  l i g h t  grey l imestone

-  f in e  grained

-  bur ia l  depth 5900 feet

-  bur ia l  temperature 136*F.
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TABLE V

VOLUMETRIC CHANGES DUE TO PRESSURE

Sample Net Pressure 
( p s i . )

Pore Volume 
(cm3)

Bulk Volume 
(cm3)

Porosi ty

Alundum A

Bandera A

0 14.427 5 4 . 55-8 ■ .2644

500 13.331 53.462 .2494

1500 13.2898 53.4208 .2488

2500 13-2598 53.3908 .2484

4000 13.2353 53.3663 .2480

6000 13.2138 53.3448 .2477

8000 13.2032 53.3342 .2476

10000 13.1943 53.3253 .2474

0 13.498 60.545 .2229

100 13.156 60.203 .2185

600 12.781 59.828 .2136

1200 12.640 59.687 .2118

2000 12.544 59.591 .2105

3000 12.438 59.485 .2091

4500 12.333 59.380 .2077

6000 12. /29 59.276 .2065

8000 12.107 59.154 .2047

10000 11.988 59.035 .2031
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VOLUMETRIC CHANGES DUE TO PRESSURE

Sample Net Pressure 
(psi .)

Pore Volume 
(cm3)

Bulk Volume 
(cm3)

Porosi ty

Berea A 0 11.219 60.651 .1850

100 10.9305 60.3625 .1811

600 10.642 60.074 .1771

1200 10.5465 59.9785 .1758

2000 10.4745 59.9065 .1748

3000 10.4035 59.8355 .1739

4500 10.323 59.755 .1728

6000 10.266 59.698 .1720

8000 10.1965 59.6285 .1710

10000 10.138 59.570 .1702

Br iar  Hi i l  C 0 12.683 59.651 .2127

300 12.2395 59.1875 .2068

900 12.006 58.954 .2037

1500 11.9042 58.8522 .2023

2500 11.7762 58.7242 .2005

3500 11.6852 58.6332 .1993

4600 11.5967 58.5447 .1981

6000 11.5215 58.4695 .1971

8000 11.4235 58.3715 .1957

10000 11.3420 58.2900 .1946



Dean C

Paradox B
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VOLUMETRIC CHANGES DUE TO PRESSURE

Sample Net Pressure Pore Volume Bulk Volume Porosity
( p s i . )  (cm3) (cm3)

0 4.507 60.824 .0741

300 4.173 60.49 .0690

900 3.939 60.256 .0654

1140 3.888 60.205 .0646

1760 3.6908 60.0078 .0615

2800 3.6118 59.9288 .0603

4000 3.4763 59.7933 .0581

6020 3.3856 59.7026 .0567

7750 3.3071 59.6241 .0555

10000 3.2471 59.5641 .0545

0 1.712 60.836 .02815

1000 .8955 60.0195 .01493

2000 .8163 59.9403 .01363

4000 .755 59.879 .01262

6000 .7275 59.8515 .01217

8000 .679 59.803 .01135

10000 .656 59.780 .01098
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TABLE VI

RESISTIVITY CHANGES DUE TO PRESSURE

Sample Pressure Temperature Resi s t i v i t y F pP
F

Alundum A 0 104 .569 9 .57 1 .000

500 103 .602 10.03 1 .050

1500 102 .611 10.02 1.049

2500 104 .596 10.02 1.049

4000 104.5 .5945 10.02 1.049

6000 104 .5945 9 .99 1.044

8000 104 .598 10.05 1.051

10000 104.5 .596 10.05 1.051

Bandera A 0 78 1.078 13.99 1.000

100 78 1.231 16.00 1.143

600 78 1.263 16.42 1.174

1200 78 1.288 16.71 1.195

2000 75 1.302 16.90 1.202

3000 78 1.310 17.01 1.227

4500 78 1.325 17.22 1.232

6000 78 1.358 17.62 1.260

8000 78 1.382 17.95 1.282

10000 78 1.395 18.12 1.297
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RESISTIVITY CHANGES DUE TO PRESSURE

Sample Pressure Temperature R e s is t i v i t y F IT-

erea A 0 76 1.172 15.55 1.000

100 76 1.368 16.48 1.059

600 76 1.472 17.75 1.141

1200 76 1.482 17.85 1.148

2000 76 1.528 18.42 1.185

3000 76 1.550 18.68 1.200

4500 76 1.575 19.00 1.222

6000 76 1.599 19.28 1.239

8000 76 1.622 19.55 1.259

10000 76 1.643 19.80 1.272

r i a r  H i l l  C 0 79.5 1.111 14.72 I .000

300 79.5 1.203 15.95 1.082

900 79.5 1.228 16.27 1.104

1500 79.5 1.242 16.45 1.118

2500 79.5 1.250 16.55 1.123

3500 79.5 1.250 16.55 1.123

4600 79.5 1.342 17.80 1.209

6000 79.5 1.320 17.49 1.188

8000 79.5 1.342 17.80 1.209

10000 79.5 1.358 17.99 1.221
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RESISTIVITY CHANGES DUE TO PRESSURE

Sample Pressure Temperature Resi s t i v i t y F pP
F

Dean C 0 76 4.49 57.1 1 .000

300 78.5 5.02 65.6 1.15

900 78.5 5.76 75.3 1.319

1140 81 5.81 78.0 1.365

1760 81 6 .7 4 90 .4 1 .582

2800 81 7.25 97.3 1.702

4000 81 8.17 109.8 1.922

6020 82 8 .96 120.2 2.105

7750 81 10.08 135.2 2.365

10000 81 10.68 143.2 2.510

Paradox B 0 77 33.5 432.5 1.000

1000 78 44.9 583 1.349

2000 78.5 44.9 591 1.368

4000 79 46.5 612.5 1.418

6000 79 47.9 631 1.460

8000 79 49.25 649 1.500

10000 79 50.7 667 1.542
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TABLE V ! !

RESISTIVITY CHANGES DUE TO TEMPERATURE

Sample Net Pressure Temperature Resi s t i v i t y F F

Alundum B 2100-1100 85 .766 10.78 1 .000

' 137 .5055 10.87 1 .008

195 .3565 10.80 1 .002

2^48.5 .287 10.75 .998

304 .2395 10.79 1 .001

344 .2175 10.78 1 .000

397.5 .200 10.92 1 .013

Bandera C 2100-1100 76 1.275 16.37 1 .000

125 .819 16.35 .999

180 .570 15.83 .968

233 . .4445 15.60 .956

290 . .368 15.80 .965

347 .3335 16.47 1.006

399 .3105 16.99 1.037
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RESISTIVITY CHANGES DUE TO TEMPERATURE

Sample Net Pressure Temperature Resi s t i  v i t y F pT
F

Berea #1 1400-1200 84 1.022 14.22 1.000

129 .692 14.22 1.000

183.5 .495 13.94 .981

234.5 .3905 13.85 .975

284 .328 13.79 .970

330 • 2905 13.85 .975

405 .2485 14.01 .986

5200-1200 88 .971 13.98 1 .000

140 .631 13.95 .9975

199 .4565 13.89 .993

253 .379 14.35 1.026

300 .3305 14.57 1.055

352 .304 15.20 1.088

400 .292 16.05 ! .148

Berea #3 3600-1200 84 1.149 16.08 1 .000

138 .740 16.08 1 .000

194 .527 15.70 .976

244 .424 15.60 .970

290.5 . 366 15.63 .972

340.5 .3205 15.65 .974

400 .2870 15.78 .981
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RESISTIVITY CHANGES DUE TO TEMPERATURE

Sample Net Pressure Temperature Resi s t i v i t y F F

B r ia r  H i l l  C 2100-1100 78 1.162 15.32 1.000

133 .699 14.72 .961

183 .514 14.48 .945

261 .3815 14.90 .974

310 .342 15.47 1 .009

351 • 3125 15.65 1 .022

402.5 .289 15.97 1 .042

Dean A 2100-1100 86 4 .8 4 68.1 1.000

129 3.045 62.5 .928

172 2.16 58.9 .865

229 1.535 53.1 .78

278 1.270 52.4 .769

339 1.052 51.3 .754

398 .954 52.4 .769

Paradox A 2100-1100 82.5 47.6 649 1 .000

119 29.9 570 .878

173 18.45 495 .762

218 13.98 463 .713

276 10.98 452 .696

324 9.90 467 .719

381 9.20 489 .754
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TABLE VI I I

RESISTIVITY CHANGES DUE TO PRESSURE AND TEMPERATURE

Sample Net Pressure Temperature Resi s t i  vi ty F pPT
F

Alundum C 1900-1200 87 .705 10.07 1.000

3800-1200 159 .405 10.10 1.003

5300-1200 215 .3075 10.09 1 .002

6/00-1200 268 .252 10.09 1 .002

7600-1200 324.5 .219 10.10 1 .003

10200-1200 400 .1893 10.35 1 .028

Bandera B 2500-1200 111 1.079 19.10 1 .000

4000-1200 167 .721 18.75 982

5300-1200 217 .576 19.10 1 .000

6500-1200 260 .502 19.53 1.025

7500-1200 298 .453 19.87 1.04

8700-1200 343 .416 20.40 1.068

10200-1200 402 .386 21.3 1.115

Berea #2 1900-1200 87 1.122 16.05 1.015

3300-1200 139 .754 16.58 1 .054

4800-1200 197 .555 16.72 1.0575

6300-1200 253 .444 16.88 1.068

7600-1200 301 .3895 17.25 1.090

8800-1200 347 .359 17.72 1.120

10200-1200 400.5 .337 18.62 1.178
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RESISTIVITY CHANGES DUE TO PRESSURE AND TEMPERATURE

Sample Net Pressure Temperature Resi s t i v i t y F
pPT

F

Br ia r  H i l l  A 1775-1200 84 1.143 15.79 1 .000

3200-1200 136.5 .75 16.13 1 .022

4600-1200 189 .559 16.18 1.024

6100-1200 247 .444 16.42 1.040

7500-1200 300 .3845 16.95 1 .073

8800-1200 346 .3565 17.62 1.117

10400-1200 407 .345 19.28 1 .220

Paradox C 1750-1200 83 11.98 164.2 1 .000

3300-1200 142 7.29 162.8 .992

4700-1200 194 5.95 176.0 1 .072

6200-1200 248 5.52 206.0 1.255

7700-1200 307 5.42 244.5 1 .49

10400-1200 408 6 .3 6 * 353.5 2.15

*  Did not reach equi l ib r ium .
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