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Abs t rac t  Arrays o f  in terconnected permeable 
f r a c t u r e  spaces t h a t  form f r a c t u r e  ladders pro-  
pagate small ampli tude f l u i d  pressure s igna ls  
i n  much the same way as s labs o f  porous forma- 
t i o n s .  Data from geothermal f i e l d s  i n  Ice land  
i n d i c a t e  t h a t  the  f r a c t u r e  w i d t h  the re  i s  o f  
the o rder  o f  1 t o  2 mm and the s igna l  d i f f u s i v -  
i t y  20 t o  100 m2/s. Well i n t e r f e r e n c e  t e s t s  
a re  n o t  l i k e l y  t o  f u r n i s h  data t o  d i s t i n g u i s h  
between f r a c t u r e  ladders  and equ iva len t  porous 
slabs. 

I n t r o d u c t i o n  
temperature geothermal systems are embedded i n  
formations o f  igneous o r i g i n  t h a t  genera l l y  
a re  charac te r i zed  by a f r a c t u r e  dominated f l u -  
i d  conduc t i v i t y .  The f r a c t u r e s  a re  o f  e las to -  
mechanica l / tectonic  and/or thermoelast ic  o r  
poss ib ly  chemoelast ic o r i g i n .  The f r a c t u r e  
c o n d u c t i v i t y  i s  i n v a r i a b l y  h i g h l y  heterogen- 
eous, a n i s o t r o p i c  and i s  q u i t e  o f t e n  conf ined 
t o  f l a t  s h e e t - l i k e  s t r u c t u r e s  such as f a u l t  
zones and vo lcan ic  dikes. Q u a n t i t a t i v e  r e l a -  
t i o n s  r e l e v a n t  t o  axisymmetr ic Darcy t ype  f l o w  
i n  homogeneous/isotropic porous media general-  
l y  do n o t  apply  t o  such s i t u a t i o n s  and an un- 
c r i t i c a l  standard t ype  i n t e r p r e t a t i o n  o f  w e l l  
t e s t  data from f r a c t u r e d  r e s e r v o i r s  i s  there-  
f o r e  l i k e l y  t o  l e a d  t o  f a u l t y  conclusions. 
Unfor tunate ly ,  s ince  l i t t l e  i s  known about the  
dimensions and d i s t r i b u t i o n  o f  f r a c t u r e s  i n  
the var ious types o f  n a t u r a l  s e t t i n g s ,  i t  i s  
d i f f i c u l t  o r  even impossib le  t o  d e r i v e  r e l e-  
vant  q u a n t i t a t i v e  r e l a t i o n s .  It i s ,  neverthe-  
less,  o f  considerable i n t e r e s t  t o  o b t a i n  some 
measure o f  the  discrepancy t h a t  would r e s u l t  
f rom an a p p l i c a t i o n  o f  the  standard i n t e r p r e -  
t a t i o n a l  procedures. The purpose o f  t h i s  
s h o r t  note i s  t o  discuss a few very simple con- 
cepts and r e l a t i o n s  t h a t  a re  use fu l  i n  t h e  pre-  
sent context .  

The Frac tu re  Ladder For  t h e  present  purpose, 
we w i l l  cons ider  a s p e c i f i c  case o f  a compos- 
i t e  f r a c t u r e  conductor c o n s i s t i n g  o f  a l i n e a r  
a r r a y  o f  in terconnected i n d i v i d u a l  f r a c t u r e  
spaces o f  s i m i l a r  dimensions as d isp layed  i n  
Fig. 1. We w i l l  r e f e r  t o  t h i s  system as a 
f r a c t u r e  ladder .  The i n d i v i d u a l  f r a c t u r e s  o r  
ladder-elements a re  assumed t o  have a quasi- 
rec tangu la r  shape w i t h  a c h a r a c t e r i s t i c  edge 
l e n g t h  L. 
e r  a t  the  edges. 
t u r e  space may vary over  the  L x L element 

The m a j o r i t y  o f  medium t o  high- 

The two surfaces a re  welded togeth-  
The w id th  o f  the  open f r a c -  

area, and there  may even be some a s p e r i t i e s  
where the opposi te  surfaces meet, b u t  we as- 
sume t h a t  they touch w i t h o u t  a s o l i d  weld. 
From the  elastomechanical p o i n t  o f  view, the 
f r a c t u r e  element a c t s  as an open space o f  an 
edge l e n g t h  L. Moreover, we assume t h a t  w i t h  
regard t o  f l u i d  f low,  the  f r a c t u r e  element 
has a w e l l  de f ined  average f l o w  w id th  h. No 
s p e c i f i c  assumptions have t o  be made as t o  the  
t ype  o f  i n te rconnec t ion  except t h a t  t h e  f l u i d  
can f l o w  f r e e l y  between adjacent  ladder  e le-  
ments and t h a t  the s p e c i f i c  f l o w  conductance 
can be taken t o  be approximately un i fo rm over 
' the l e n g t h  o f  t h e  ladder .  Obviously, i t  i s  
poss ib le  t o  genera l ize t h i s  model by env i-  
s i o n i n g  a system o f  p a r a l l e l  ladders t h a t  are 
in terconnected along t h e i r  e n t i  r e  l e n g t h  and 
form a f r a c t u r e  sheet. 

The p r i n c i p a l  phys ica l  parameters o f  the l i n -  
ear  ladder  c o n s i s t i n g  o f  one s t r a n d  o f  e l e-  
ments a re  e a s i l y  def ined. A t  s teady- state 
laminar  f l o w  cond i t i ons ,  the  v e r t i c a l l y  i n t e -  
gra ted  f l u i d  c o n d u c t i v i t y  o f  a f r a c t u r e  space 
o f  w id th  h between two p a r a l l e l  planes t h a t  
would be r e f e r r e d  t o  as the  t r a n s m i s s i v i t y  
CF i s  obta ined on t h e  bas is  o f  the  w e l l  known 
cubic  law (Lamb, 1932) 

cF = h3/12v 

where v i s  the k inemat ic  v i s c o s i t y  o f  the  
f l u i d .  A t  these cond i t i ons ,  the mass f l o w  
through a u n i t  l e n g t h  o f  the  f r a c t u r e  i s  q = 
CFVP where vp i s  the  pressure gradient ,  and 
hence the l o c a l  f l o w  over  the ladder  i s  Q = 
LCFVP. 

F igure 1 The Fracture Ladder 
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l o  o b t a i n  the  hydrau l i c  c a p a c i t i v i t y  o r  s t o r -  
age c o e f f i c i e n t  o f  the  ladder, we assume t h a t  
the element w a l l s  a re  e l a s t i c  Hookean w i t h  a 
r i g i d i t y  p .  Moreover, l e t  the volume e las -  
tance o f  a f r a c t u r e  space o f  volume V be de- 
f i n e d  by e = dV/dp where p i s  the  i n t e r n a l  
pressure t h a t  i s  assumed t o  be uniform, Since 
no a n a l y t i c a l  express ion i s  a v a i l a b l e  f o r  the  
e lastance o f  a rec tangu la r  f r a c t u r e  element, 
we w i l l  r e s o r t  t o  approximating the  element by 
a c i r c u l a r  o r  penny-shaped element o f  equal 
area such t h a t  the  diameter i s  1.12L. The 
e lastance o f  the  penny-shaped c a v i t y  o f  diame- 
t e r  d has been obta ined by Sneddon (1346) as 
e = d3/4p where Poisson’s r e l a t i o n  o f  equal 
Lame parameters has been assumed. Based on 
t h i s  r e s u l t  the e lastance o f  a f r a c t u r e  e l e -  
ment would approximately be e = (1 .12L)3 /4~  o r  
about L3/3p. Hence, the  e lastance per  u n i t  
area, t h a t  i s ,  the  c a p a c i t i v i t y  i s  

where K i s  the  c o m p r e s s i b i l i t y  o f  the  f l u i d .  
We can u s u a l l y  take t h a t  v i s  o f  the  order  o f  
l D l o  t o  2 x lo1’ Pa and assuming t h a t  the 
f l u i d  i s  l i q u i d  water w i t h  K = 5 x lo-’’ Pa-’, 
tlhe product  KU = 5 t o  10. The second term on 
t l ie  r i g h t  o f  ( 2 )  can then be neglected when 
L>>30h. I n  general, t h i s  c o n d i t i o n  holds and 
we w i l l  t h e r e f o r e  simp1 i f y  the  expression f o r  
s: by neg lec t ing  the f l u i d  c o m p r e s s i b i l i t y  
term. I t  i s  t o  be noted t h a t  the  above ex- 
press ion f o r  S F  neglects  the  poss ib le  presence 
of‘ s a t e l l i t e  f r a c t u r e  t h a t  may c o n t r i b u t e  t o  
the c a p a c i t i v i t y .  

O n  the  bas is  o f  (1 )  and the  s i m p l i f i e d  ve rs ion  
o f  ( 2 )  f o l l o w s  the laminar  f l o w  d i f f u s i v i t y  o f  
the ladder  

where r~ i s  the  absolute v i s c o s i t y  o f  the f l u i d .  
Moreover, the re  may be leakage from the  f r a c -  
t u r e  ladder  i n t o  t h e  adjacent  formation. On a 
1.inear laminar  f l o w  model, the  f l u i d  loss  per  
u n i t  area o f  the  ladder  would be charac te r i zed  
by a c o e f f i c i e n t  b such t h a t  t h e  leakage i s  bp 
where p i s  the  f l u i d  pressure i n  the  ladder. 
W e  have no way o f  a r r i v i n g  a t  any expressions 
f o r  t h i s  c o e f f i c i e n t  t h a t  has t o  be t r e a t e d  as 
a p u r e l y  experimental parameter. 

The Ladder and the Porous Slab I t  i s  i n t e r e s t -  
i n g  t o  compare the  parameters o f  the  f r a c t u r e  
ladder  t o  those o f  a homogeneous/isotropi c 
porous s l a b  w i t h  Darcy type f l o w  o f  the  t h i c k -  
ness H, p e r m e a b i l i t y  k and h y d r a u l i c  capaci- 
t i v i t y  (s torage c o e f f i c i e n t )  s.  The th ickness 
o f  the s l a b  o f  equal t r a n s m i s s i v i t y  i s  ob- 
t a i  ned by 

such t h a t  

Mclreover, assuming equal t r a n s m i s s i v i t y ,  the  
r a t i o  o f  the  d i f f u s i v i t i e s  i s  

sF = (L/3u) + hK ( 2 )  

aF = cF/psF = h3u/4Ln (3) 

I 

kH/v = h3/12v (4 )  

H = h3/12k (5 )  

aS/aF = L/3psH (6) 

F i n a l l y  assuming equal d i f f u s i v i t i e s ,  the ra-  
t i o  o f  the  t r a n s m i s s i v i t i e s  i s  

cS/cF = 3psH/L (7 )  

Borehole/Fracture Contacts 
dent  t h a t  because o f  the  small cross sect ions 

It i s  q u i t e  e v i -  

ava i lab le ,  t h e  l o c a l  f l o w - v e l o c i t i e s  from 
f rac tu re  spaces i n t o  boreholes may be q u i t e  
h igh  and the  f l o w  regime t h e r e f o r e  h i g h l y  t u r -  
bulent .  The above r e l a t i o n  f o r  the  laminar  
type t r a n s m i s s i v i t y  i s  then i n v a l i d  and has t o  
be revised. The r e s u l t i n g  r e l a t i v e l y  l a r g e  
f rac tu re lboreho le  con tac t  res is tance  can be 
der i ved  as fo l lows.  

Consider a borehole o f  diameter D which cuts  
a h o r i z o n t a l  f r a c t u r e  o f  w id th  h as shown i n  
Fig. 2. L e t  the  f l u i d  be incompressible, o f  
dens i t y  p and the mass f l o w  o u t  o f  the  f r a c -  
t u r e  be M. Moreover, l e t  the  f l u i d  pressure 
a t  a d is tance r from the  cen te r  o f  the  h o l e  
be p ( r )  and the f l u i d  v e l o c i t y  the re  be v ( r ) .  

Borehole 

F 

Figure 2 Borehole/Fracture Contact 

We have then 

The pressure loss over the  d is tance d r  i s  due 
t o  the conversion o f  p o t e n t i a l  energy i n t o  
k i n e t i c  energy and f r i c t i o n  heat, v iz .  

the w a l l  f r i c t i o n  i s  represented by the  second 
term on the  r i g h t  o f  t h i s  equat ion t h a t  i s  de- 
r i v e d  i n  the same manner as f o r  t h e  case of 
pipes and where f i s  the  f r i c t i o n  c o e f f i c i e n t  
o f  the  f rac tu re .  Assuming t h a t  the format ion 
pressure a t  a l a r g e  d is tance  from the  bore- 
hole i s  po t h i s  equat ion i s  e a s i l y  i n t e g r a t e d  
f o r  p and we o b t a i n  

p = po - (M2/8r2h2p) [ ( l / r2)  + ( f / h r ) ]  
I f  t h e  pressure i n  the borehole i s  pb, the 
f o l l o w i n g  express ion i s  obta ined f o r  the  mass 
f l o w  i n t o  the  ho le  

Abbrev iat ing (Po-Pb) = Ap and ( 1 / a f i )  = 0.23, 
we d e f i n e  the  con tac t  res is tance  o f  the  bore- 
ho le  
R = ap/M = (0 ,23 /hD) [ (Ap /~ ) ( l+ ( fD /2h) ) ]~ /~  (12) 

M = 2arhpv o r  v = M/2arhp (8) 

dp = -pvdv t ( fpv2dr /2h)  (9) 

(10) 

M = ad? hD [ p ( ~ b - ? ~ ) / ( l + ( f D / 2 h ) ) ] ’ / ’  (11) 
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Clear l y ,  these r e s u l t s  h o l d  on ly  f o r  t h e  t u r -  
b u l e n t  reg ion  around the borehole. 
data i s  a v a i l a b l e  on the values o f  the f r i c -  
t i o n  c o e f f i c i e n t  f f o r  n a t u r a l  f rac tu res ,  b u t  
based on experimental data f o r  p ipes w i t h  
rough wa l l s ,  we can expect t h a t  f ?r 0.05 t o  
0.10 (see, f o r  example Moody, 1947). 
should be po in ted  o u t  t h a t  because o f  the  qua- 
d r a t i c  terms i n  (9),  the  mass f l o w  M i s  n o t  a 
l i n e a r  func t ion  o f  dp  and R the re fo re  depends 
on AP. The p r i n c i p a l  a p p l i c a t i o n  o f  equat ion 
(11) i s  f o r  the  es t imat ing  o f  t h e  f r a c t u r e  
w id th  h i n  f i e l d  cases where M and Ap a re  
known. 

F i e l d  Data L i t t l e  in fo rmat ion  i s  a v a i l a b l e  on 
the  dimensions o f  f r a c t u r e s  i n  nature. Per- 
haps the  most access ib le  extens ive data i s  on 
some o f  t h e  geothermal r e s e r v o i r s  i n  I ce land  
(Thorsteinsson, 1976, Bjornsson, 1979). 
we1 1 known t h a t  the  hydro log ica l  systems o f  
I ce land  a re  embedded i n  f r a c t u r e  dominated 
f lood- basal ts  o f  l a t e  T e r t i a r y  t o  Ple is tocene 
age. This m a t e r i a l  enables us t o  make a t -  
tempts a t  es t imat ing  f r a c t u r e  widths i n  some 
o f  the  I ce land  reservo i rs .  Very b r i e f l y ,  we 
can proceed as fo l lows .  

(1 )  Borehole p roduc t ion  data i n  var ious geo- 
thermal f i e l d s  i n  I ce land  i n d i c a t e  t h a t  major 
f r a c t u r e  conductors can produce mass f lows 
from a few up t o  a few tens o f  kg/s a t  pres-  
sure d i f f e r e n t i a l s  of a few lo5 Pa. A f i g u r e  
o f  M = 10 kg/s a t  AP = 4 x l o 5  Pa i s  q u i t e  r e -  
p resen ta t i ve  o f  the  performance o f  a produc- 
t i v e  i n d i v i d u a l  f r a c t u r e  i n  a borehole o f  
D = 0.22 m. 
f o r t h  i n  the  prev ious sec t ion  hold, equat ion 
(11) w i t h  f = 0.06 g ives then an est imate o f  
h = 1.3 mm. 

( 2 )  Well i n t e r f e r e n c e  t e s t i n g  i n  4 geothermal 
f i e l d s  i n  Southwestern I ce land  have y i e l d e d  
t r a n s m i s s i v i t i e s  o f  CF = 2.6 x 10-4 t o  
25 x 10-4 ms. Re in te rp re t ing  these r e s u l t s  i n  
terms o f  s i n g l e  f r a c t u r e  systems f l o w i n g  water 
a t  100°C w i t h  
w i t h  the  he lp  o f  equat ion (1 )  above t h e  e s t i -  
mate o f  h = 1 t o  2 mm. Moreover, du r ing  the  
same t e s t s ,  u n i t  area c a p a c i t i v i t i e s  (s torage 
c o e f f i c i e n t s )  o f  SF = 1 x 10-8 t o  4 x 10-8 
m/Pa were obtained. Equation (2)  then y i e l d s  
est imates o f  L = 400 t o  1600 in and the  r e s u l t -  
i n g  d i f f u s i v i t i e s  are aF = 20 t o  100 m2/s. 

(3 )  I t  i s  o f  i n t e r e s t  t o  note t h a t  f r a c t u r e  
widths can a l s o  be est imated on the  bas is  o f  
the o v e r a l l  f l o w  res is tance  i n  i n d i v i d u a l  geo- 
thermal systems. Knowing the d is tance  o f  re-  
charge, t h e  a v a i l a b l e  pressure d i f f e r e n t i a l  
and o t h e r  parameters, i t  i s  poss ib le  t o  a r r i v e  
a t  est imates o f  an average h. The present  
w r i t e r  has obta ined along these l i n e s  r e s u l t s  
t h a t  compare w e l l  w i t h  the  above est imates. 
Unfor tunate ly ,  space does n o t  permi t  a discus-  
s i o n  o f  t h i s  method. 

Signal Propagation On the  above premises, we 

L i t t l e  

It 

It i s  

Assuming t h a t  the  cond i t i ons  s e t  

= 3 x 10-7 m2/s, we o b t a i n  

now a r r i v e  a t  the bas ic  equat ion f o r  the pro-  
pagat ion of pressure s i g n a l s  along a f r a c t u r e  
ladder. Assuming a homogeneous/isotropic f l a t  
l adder  and neg lec t ing  i n e r t i a  forces,  the  bas- 
i c  equat ion i s  t h e  d i f f u s i o n  equat ion i n  two 
s p a t i a l  dimensions f o r  the f l u i d  pressure p,  
v iz .  , 

PsFatp + bp + c p 2 p  = m (13) 

where P i s  the  dens i t y  o f  the  f l u i d ,  112 = -V2 
i s  the  Laplac ian i n  two dimensions and m i s  a 
source densi ty .  The leakage term on the  l e f t  
can be e l im ina ted  by a t rans fo rmat ion  p = u . 
exp(-bt )  where u i s  a new dependent va r iab le .  
The p r i n c i p a l  small ampl i tude propagation par-  
ameters, the  pene t ra t ion  depth and the  s k i n  
depth (assuming b = 0) 

d = (aFt)1/2 and ds = (2aF/w)l/ ' (14) 
P 

where t i s  t ime and w the angular  frequency, 
f o l l o w  then i n  the  usual way. 

The pressure s igna l  d i f f u s i v i t i e s  i n d i c a t e d  by 
the  Ice land  data are q u i t e  h igh  and s igna l  
propagat ion t h e r e f o r e  rap id.  For  example, a t  
aF = 50 n?/s the  pene t ra t ion  depth f o r  a per-  
i o d  o f  10% i s  about 700 m. It i s  i n t e r e s t i n g  
t o  note t h a t  the f r a c t u r e  s t r u c t u r e s  s imulate 
porous s labs o f  H = 20 t o  60 m and permeabi l i -  
t i e s  o f  the  o rder  o f  k = lo - "  = 10 darcy. 
The g loba l  p e r m e a b i l i t i e s  o f  the  hos t  systems 
appear, nevertheless, t o  be orders o f  magni- 
tude sma l le r  (Bodvarsson and Zais, 1978). 

Under t h e  circumstances assumed here, an in-  
te r fe rence  t e s t  would n o t  p rov ide  data t o  d i s -  
t i n g u i s h  between the  two models, the  ladder  
and t h e  slab, and an i n t e r p r e t a t i o n  on the  
basis  o f  s labs o n l y  can t h e r e f o r e  lead  t o  
erroneous conclusions. 
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