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ABSTRACT 
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A mul t i- dimensional  model i s  r e q u i r e d  a t  Wairakei  i n  
o r d e r  t o  account  f o r  t h e  s i g n i f i c a n t  observed h o r i-  
z o n t a l  deformat ions .  From t h e  subs idence  models and 
subsidence/compact ion r e l a t i o n s h i p s  examined, a 
f i n i t e  e lement  model w a s  chosen f o r  i t s  p o t e n t i a l  t o  
reproduce such de fo rma t ions  and f o r  i t s  a b i l i t y  t o  
u t i l i s e  e i t h e r  l i n e a r  o r  n o n l i n e a r ,  nonhomogeneous 
m a t e r i a l  models. Using t h e  ADINA f i n i t e  e lement  
program, a s imp le  two- layer model was developed 
i n c o r p o r a t i n g  t h e  Pumice and Wairakei  pumice b r e c c i a  
l a y e r s  a s  t h e  overburden,  and t h e  Huka fo rma t ion  as 
t h e  r e s e r v o i r .  The de fo rma t ion  i n  t h e  Waiora form- 
a t i o n  w a s  cons ide red  t o  be  l e s s  s i g n i f i c a n t  and was 
n e g l e c t e d .  

Using s u i t a b l e  e s t i m a t e s  f o r  t h e  e l a s t i c  p r o p e r t i e s  
of each l a y e r  (Young's modulus and P o i s s o n ' s  r a t i o )  
and by d e p r e s s u r i s i n g  i n  t h e  r e s e r v o i r  a zone whose 
l a t e r a l  e x t e n t  co r r e sponds  app rox ima te ly  t o  t h e  p o i n t  
of i n f l e c t i o n  on t h e  observed v e r t i c a l  de fo rma t ion  
p r o f i l e ,  a good f i t  t o  bo th  t h e  h o r i z o n t a l  and v e r t -  
i c a l  de fo rma t ion  p r o f i l e s  was ob ta ined .  An a l t e r -  
n a t i v e  model examined t h e  e f f e c t  of a l a t e r a l  v a r i -  
a t i o n  i n  Young's modulus, as opposed t o  a l a t e r a l  
v a r i a t i o n  i n  p r e s s u r e  d e c l i n e .  Again, a good f i t  was 
ob ta ined ,  p a r t i c u l a r l y  t o  t h e  v e r t i c a l  p r o f i l e .  
F e a t u r e s  of both  models a r e  appa ren t  a t  Wairakei .  

1. I n t r o d u c t i o n  

A geothermal  r e s e r v o i r  c o n s i s t s  of one or more 
subsu r f  a c e  g e o l o g i c a l  fo rma t ions  from which 
geo the rma l  f l u i d  (p redominan t ly  wa te r  and s t eam)  i s  
be ing  withdrawn. I f ,  a s  a r e s u l t  of such  e x p l o i t-  
a t i o n ,  nonsteady f low c o n d i t i o n s  a r i s e  i n  t h e  r e se r-  
v o i r  ( i . e .  p roduc t ion  r a t e  exceeds  t h e  r echa rge  r a t e )  
t h e n  a r e d u c t i o n  i n  both  t h e  r e s e r v o i r  t empera tu re  
and t h e  po re  p r e s s u r e  of t h e  f l u i d  i n  t h e  r e s e r v o i r  
f o r m a t i o n s  w i l l  occur .  

The fo rma t ions  above t h e  r e s e r v o i r  from which no 
f l u i d  i s  be ing  withdrawn a r e  known a s  t h e  overburden. 
The weight  of t h e  overburden c o n t r i b u t e s  t o  t h e  s t a t e  
of e f f e c t i v e  s t r e s s  i n  t h e  r e s e r v o i r .  The r e d u c t i o n  
i n  po re  p r e s s u r e  due t o  e x p l o i t a t i o n  r e s u l t s  i n  an 
i n c r e a s e  i n  e f f e c t i v e  s t r e s s  i n  t.he r e s e r v o i r ,  which 
i n  t u r n  l e a d s  t o  a r e d u c t i o n  i n  t h e  p o r o s i t y  of t h e  
porous r e s e r v o i r  fo rma t ions .  Th i s  p roces s  i s  known 
a s  pore  c o l l a p s e .  I n  a d d i t i o n ,  t h e  p r e s s u r e  drop 
a l s o  l e a d s  t o  t h e  c l o s i n g ,  i n  f u l l  or i n  p a r t ,  of 
f lu id- f  i l l e d  f r a c t u r e s  which a r e  g e n e r a l l y  p r e s e n t  i n  
geo the rma l  r e s e r v o i r s .  Also, t h e  r e d u c t i o n  i n  
t empera tu re  w i l l  c ause  t he rma l  c o n t r a c t i o n  of t h e  
r e s e r v o i r  fo rma t ions .  

The above t h r e e  p roces ses  l e a d  t o  a r e d u c t i o n  i n  
volume of t h e  r e s e r v o i r  fo rma t ions ;  t h i s  i s  known as 
compact ion or c o n s o l i d a t i o n .  The de fo rma t ions  t h a t  
occu r  a t  dep th  i n  t h e  r e s e r v o i r  w i l l  be propagated  
through t h e  overburden t o  t h e  ground s u r f a c e .  The 
h o r i z o n t a l  and v e r t i c a l  de fo rma t ions  t h a t  occu r  a t  
t h e  ground s u r f a c e  can be c o l l e c t i v e l y  termed as 
subs idence .  The major p h y s i c a l  p r o c e s s  c o n t r i b u t i n g  
t o  subs idence  i s  po re  c o l l a p s e ,  a l t hough  f r a c t u r e  
c l o s i n g  may be s i g n i f i c a n t  i n  h i g h l y  f r a c t u r e d  geo- 
thermal  sys t ems ,  i n  which case i t  should  be  g iven  
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s p e c i a l  c o n s i d e r a t i o n .  Thermal c o n t r a c t i o n  i s  
g e n e r a l l y  t h e  l eas t  s i g n i f i c a n t  p h y s i c a l  process  
c o n t r i b u t i n g  t o  subs idence  (Finnemore and Gi l lam,  
1976).  

The mode l l i ng  of subs idence  above geothermal 
r e s e r v o i r s  can  be d i v i d e d  i n t o  two fundamenta l  a r e a s .  
The f i r s t  of t h e s e  i n v o l v e s  de t e rmin ing  t h e  changes 
i n  p r e s s u r e  and t empera tu re  t h a t  o c c u r  w i t h i n  a 
geothermal  r e s e r v o i r  as a r e s u l t  of e x p l o i t a t i o n .  
The second i n v o l v e s  t h e  mode l l i ng  of t h e  p h y s i c a l  
p roces ses  t h a t  l e a d  t o  t h e  a c t u a l  d e f o r n a t i o n  of t h e  
g e o l o g i c a l  fo rma t ions  t h a t  comprise  t h e  r e s e r v o i r  and 
i ts  overburden.  The p roces ses  of r e s e r v o i r  compac- 
t i o n  and t h e  p r o p a g a t i o n  of t h e  de fo rma t ions  through 
t o  t h e  ground s u r f a c e  t o g e t h e r  form t h e  b a s i s  of a 
de fo rma t ion  model. For t h e  purpose  of v e r i f y i n g  a 
de fo rma t ion  model a h i s t o r y  of measured p r e s s u r e  and 
t empera tu re  changes can  be  used.  P r e d i c t i o n  of 
f u r t h e r  subs idence  r e q u i r e s  a f l u i d  mechanical  model 
of t h e  r e s e r v o i r  i n  o r d e r  t o  p rov ide  a n  e x t r a p o l a t i o n  
i n  t ime of t h e  p r e s s u r e  and t empera tu re  change da t a .  

The compaction i n  t h e  r e s e r v o i r  w i l l  reduce  t h e  
fo rma t ion  p e r m e a b i l i t i e s  and w i l l  consequen t ly  a f f e c t  
subsequent  changes  i n  p r e s s u r e  and temperature .  
Theref o r e ,  a comple t e ly  r i g o r o u s  subs idence  model 
would r e q u i r e  t h e  r e s e r v o i r  and de fo rma t ion  models t o  
be f u l l y  coupled.  I n  many c a s e s ,  t h e  degree  of 
i n f l u e n c e  t h a t  r e s e r v o i r  compaction has  on subsequent  
changes i n  p r e s s u r e  and t empera tu re s  i s  n e g l i g i b l e ;  
t h e  r e s e r v o i r  and de fo rma t ion  models can  be  
decoupled,  t h e r e b y  c o n s i d e r a b l y  r educ ing  t h e  com- 
p u t a t i o n a l  complexi ty  of t h e  complete  subsidence  
model. 

I f  t h e  e x p l o i t a t i o n  of a geothermal  r e s e r v o i r  ( o r  
i ndeed  a n  o i l  o r  groundwater  r e s e r v o i r )  l e a d s  t o  
subs idence  of t h e  ground s u r f  a c e ,  t h e  r e s u l t i n g  
de fo rma t ions  can  have s e r i o u s  ( i f  no t  d i s a s t r o u s )  
e f f e c t s  on t h e  s u r f a c e  and s u b s u r f a c e  i n s t a l l a t i o n s  
d i r e c t l y  r e l a t e d  t o  t h e  geothermal  f i e l d .  I n  t h e  
Long Beach-San Pedro  a r e a  i n  C a l i f o r n i a  , t he  s h e a r  
f o r c e s  a s s o c i a t e d  w i t h  d i f f e r e n t i a l  h o r i z o n t a l  and 
v e r t i c a l  de fo rma t ions  have r e s u l t e d  i n  t h e  s h e a r  
f a i l u r e  of o i l  w e l l  c a s i n g s  (McCaan and Wilts, 1951). 
A t  Wairakei ,  t h e  s team p i p e l i n e s ,  main d r a i n  and 
nearby highway a r e  a f f e c t e d ,  a s  i s  the .  Wairakei  
s t r e a m  ( S t i l w e l l  e t  a l . ,  1975) .  Consequent ly ,  t h e  
s i g n i f i c a n c e  of p r e d i c t i n g  t h e  magnitude and l o c a t i o n  
of such s u r f a c e  de fo rma t ions  i s  appa ren t  i n  both the  
d e s i g n  and placement of t h e  i n s t a l l a t i o n s  and t h e i r  
environmenta l  e f f e c t .  

2 .  Model C h a r a c t e r i s t i c s  

The e x t e n t  t o  which a subs idence  model can adequa te ly  
r e p r e s e n t  t h e  de fo rma t ion  p r o c e s s e s  w i t h i n  a 
geothermal  sys tem is  dependent upon t h e  complexi ty  of - 
t h e  geometry and t h e  assumpt ions  made concerning t h e  
m a t e r i a l  model. I n c o r p o r a t i n g  a r e s e r v o i r  model 
i n c r e a s e s  t h e  compu ta t iona l  complexi ty  ( e s p e c i a l l y  i f  
i t  i s  coupled t o  t h e  de fo rma t ion  model) and adds t o  
t h e  problem of d a t a  a c q u i s i t i o n .  

The s i m p l e s t  subs idence  c a l c u l a t i o n s  a r c  one-dimen- 
s i o n a l ,  and i n  many c a s e s  t hey  a r e  adequate .  
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However, where t h e  d i f f e r e n t i a l  v e r t i c a l  de fo rma t ion  
i s  h i g h ,  i t  i s  l i k e l y  t h a t  s i g n i f i c a n t  h o r i z o n t a l  
de fo rma t ion  w i l l  be a p p a r e n t .  Thus,  a two-dinen- 
s i o n a l ,  axisymmetr ic  o r  f u l l y  t h r ee- d imens iona l  model 
geometry would be  r e q u i r e d  i n  o r d e r  t o  account  f o r  
t h e  observed de fo rma t ions .  The m a t e r i a l  model o r  
c o n s t i t u t i v e  r e l a t i o n s h i p  i s  t h e  g r e a t e s t  cause  of 
u n c e r t a i n t y  i n  mode l l i ng  t h e  de fo rma t ion  p roces ses .  
I n  models based on e l a s t i c  o r  p o r o- e l a s t i c  t h e o r y ,  a 
l i n e a r  app rox ima t ion  i s  made t o  what i s  g e n e r a l l y  a 
non- l inea r  r e l a t i o n s h i p .  F a i l u r e  of t h e  m a t e r i a l  i s  
n o t  of t e n  cons ide red  ( p a r t i c u l a r l y  i n  t e n s i o n  a s  t h e  
m a t e r i a l  can  no l o n g e r  behave a s  a ‘continuum), a l-  
though t h e  p a r t i a l  i r r e v e r s i b i l i t y  of p l a s t i c  deform- 
a t i o n  c a n  be e a s i l y  accounted f o r  by t h e  u se  of 
a d d i t i o n a l  pa rame te r s  ( i ndexes  o r  modu l i )  f o r  ex- 
pans ion  o r  s w e l l i n g .  A d d i t i o n a l  s i m p l i f y i n g  assump- 
t i o n s  a r e  t h a t  t h e  m a t e r i a l  i s  homogeneous and 
i s o t r o p i c .  

When l a r g e  changes i n  t empera tu re  a r e  o c c u r r i n g ,  
t he rma l  c o n t r a c t i o n  may a l s o  be  a cause  of s i g n i -  
f i c a n t  de fo rma t ion .  F o r  some imp lemen ta t ions ,  t h e  
e f f e c t s  due  t o  t empera tu re  changes can  be  model led  a s  
t h e  r e s u l t  of a n  e q u i v a l e n t  change i n  p r e s s u r e  
( M i l l e r e t  a l . ,  1980). For  a t empera tu re  change of 
AT, t h e  e q u i v a l e n t  p r e s s u r e  change i s  3a K AT, where 
a i s  t h e  c o e f f i c i e n t  of l i n e a r  t he rma l  expans ion  and 
K i s  t h e  bu lk  modulus. 

The c o m p l e x i t i e s  of f l u i d  f l o w  add t o  t h e  u n c e r t a i n t y  
c r e a t e d  by t h e  m a t e r i a l  mqdel. Not on ly  is t h e r e  t h e  
p o s s i b i l i t y  t h a t  t h e  de fo rma t ion  and f l u i d  f l ow 
p r o c e s s e s  a r e  h i g h l y  i n t e r a c t i v e  (and t h e r e f o r e  need 
t o  be coup led ) ,  t h e r e  may a l s o  be a de layed  response  
t o  t h e  p r e s s u r e  changes.  O the r  compl i ca t ions  a r e  
p rov ided  i f  t h e  f l ow i s  mul t i- phase ,  a s  t h e  boundary 
between t h e  l i q u i d  and vapour  phases  may no t  be  
s t a t i o n a r y ,  and t h e  s a t u r a t i o n  of t h e  s team w i l l  
g e n e r a l l y  be unknown. Thus, a n  assumpt ion may be  
made t h a t  t h e  flow i s  s ing le- phase ,  and p o s s i b l y  
i s o t h e r m a l .  

\ 

It i s  t h e r e f o r e  impor t an t  t h a t  t h e  accu racy  of t h e  
model r e p r e s e n t i n g  t h e  p h y s i c a l  p r o c e s s e s  of 
de fo rma t ion  and f l u i d  f l o w  be balanced a g a i n s t  
p r o h i b i t i v e  compu ta t iona l  complexi ty  and t h e  non- 
a v a i l a b i l i t y  of s u f f i c i e n t l y  d e t a i l e d  and a c c u r a t e  
i n p u t  d a t a .  

3 .  S o l u t i o n  Techniques  

One-dimensional c o n s o l i d a t i o n  

I f  t h e  u n i a x i a l  c o m p r e s s i b i l i t y  i s  assumed t o  be 
independent  of p r e s s u r e  and d e p t h ,  t hen  t h e  v e r t i c a l  
s u b s i d e n c e  (compact ion o r  c o n s o l i d a t i o n )  a t  a p o i n t  
on t h e  s u r f a c e  i s  g i v e n  by AH = C, Ap H ,  t h a t  i s ,  t h e  
p roduc t  of u n i a x i a l  c o m p r e s s i b i l i t y  , p r e s s u r e  change 
and d e p t h  of t h e  compacting l a y e r .  I f  more t h a n  one 
l a y e r  i s  compacting, t h e n  t h e  de fo rma t ion  of t h e  
s u r f a c e  is t h e  combined compaction of a l l  l a y e r s .  
The c o m p r e s s i b i l i t y  can  be  measured from c o r e  
samples ,  unde r  c o n d i t i o n s  matching t h o s e  i n  s i t u .  
From p o r o- e l a s t i c  t heo ry ,  Cm = l / ( X - +  2G). 

The v o i d  r a t i o- e f f e c t i v e  s t r e s s  r e l a t i o n s h i p  is 
n o n l i n e a r .  However, t h e  dependence of vo id  r a t i o  on 
t h e  l o g a r i t h m  of e f f e c t i v e  s t r e s s  i s  l i n e a r  ove r  a 
wide range.  Thus, non- l inea r  o r  Te rzagh i  t ype  
c o n s o l i d a t i o n  is expres sed  by 

A H  = H/(1  + e o )  . c, log(1 + Ap/Po) 

where eo and po a r e  t h e  i n i t i a l  vo id  r a t i o  and ’  
p r e s s u r e ,  and Cc  i s  t h e  compress ion index.  

As t h e  de fo rma t ion  p roces s  i s  i n e l a s t i c ,  t h e  deform- 
a t i o n s  a r e  n o t  complete ly  r e v e r s i b l e .  T h i s  i s  t aken  
i n t o  accoun t  by a d d i t i o n a l  c o - e f f i c i e n t s  f o r  
expans ion  o r  s w e l l i n g  of t h e  m a t e r i a l .  The same 
l i n e a r  and non- l inea r  ( l o g a r i t h m i c )  assumpt ions  a r e  
made. 

Repeat ing t h e  c a l c u l a t i o n s  a t  a number of s u r f a c e  
p o i n t s  e n a b l e s  c o n t o u r s  of v e r t i c a l  subs idence  t o  be 
e s t a b l i s h e d  (Naras inhan  and Goyal,  1979) .  However, 
i f  h o r i z o n t a l  s u r f a c e  de fo rma t ion  i s  s i g n i f i c a n t ,  
t h e n  a subs idence/compact ion r e l a t i o n s h i p  is re-  
q u i r e d ,  such a s  a t h i n  d i s c  model (Gecrtsma, 1973)  or 
a p l a t e  o r  beam analogy (Lee ,  1969) .  

Nucleus- of- Stra in  methods 

Nuc leus- of- s t r a in  methods a r e  based on t h e  e f f e c t  
t h a t  i s o t o p i c  c o n t r a c t i o n  of a s p h e r i c a l  i n c l u s i o n  i n  
a s e n i - i n f i n i t e  e l a s t i c  medium ( o r  h a l f- s p a c e )  h a s  i n  
terms of d i sp l acemen t  of t h e  f r e e  s u r f a c e  of t h e  
medium. Subsu r f ace  d i sp l acemen t s  and s h e a r  s t r e s s  
a r e  o t h e r  impor t an t  e f f e c t s .  A t  any p o i n t  on t h e  
f r e e  s u r f a c e ,  t h e  d i sp l acemen t s  due t o  a zone of 
p r e s s u r e  d e c l i n e  w i t h i n  the  hal f- space  can be d e t e r-  
mined by i n t e g r a t i n g  t h e  e f f e c t s  .of a l l  t h e  n u c l e i -  
o f - s t r a i n  t h a t  would f i l l  t h e  zone of p r e s s u r e  
d e c l i n e .  A s i m p l i f y i n g  assumpt ion i s  t h a t  a d i s-  
t u rbance  is  o c c u r r i n g  a t  a p a r t i c u l a r  depth  ( t h e  mean 
dep th  of t h e  compacting l a y e r ) ,  w i t h  t h e  magnitude of 
t h e  d i s t u r b i n g  f o r c e  dependent upon t h e  magni tude  of 
t h e  p r e s s u r e  change and t h e  t h i c k n e s s  of t h e  compact- 
i n g  l a y e r  a t  t h a t  p o i n t  (McCaan & W i l t s ,  1951).  The 
d i sp l acemen t s  a t  a p o i n t  on  t h e  s u r f a c e  can  t h e n  be  
determined by i n t e g r a t i n g  t h e  e f f e c t s  of a l l  such 
d i s t u r b i n g  f o r c e s  a t  t h a t  depth .  The i n t e g r a t i o n  can  
only  be ach ieved  by a d i s c r e t e  summation, which can 
be made a t  a l l  p o i n t s  of i n t e r e s t  on t h e  s u r f a c e .  
Also, as t h e  medium i s  l i n e a r l y  e las t ic ,  t h e  e f f e c t s  
of d i s t u r b a n c e s  a t  d i f f e r e n t  dep ths  can be summed, 
t h u s  where t h e  zone of p r e s s u r e  change i s  v e r y  t h i c k ,  
i t  can  be  d i v i d e d  i n t o  a number of s u i t a b l y  t h i n  
l a y e r s .  

The nuc l eus- of- s t r a in  method p rov ides  a computation- 
a l l y  s imp le  t echn ique  for producing g e n e r a l  t h r ee-  
d imens iona l  d i sp l acemen t s  ana  s h e e r  s t r e s s  d i s-  
t r i b u t i o n s .  I n  g e n e r a l ,  i t  i s  l i n i t e d  t o  homogeneous 
i s o t r o p i c  s e m i- i n f i n i t e  e l a s t i c  mediums. However, 
t h i s  d i s advan tage  was o v e r  come by B a r s e t t o  and 
C a r r a d o r i  (1981) ,  who used t h e  f i n i t e  e lement  method 
t o  perform t h e  i n t e g r a t i o n s  i n  a h o r i z o n t a l l y  l a y e r e d  
sys tem.  

F i n i t e  Element Xethods 

Where h o r i z o n t a l  s u r f a c e  d isplacement  i s  s i g n i f  i c a n t  , 
t h r ee- d imens iona l  f i n i t e  e lement  ne thods  have t h e  
t h e o r e t i c a l  p o t e n t i a l  t o  produce t h e  b e s t  r e s u l t s .  
They have t h e  advan tage  of be ing  a b l e  t o  model i n-  
homogeneous a n i s o t r o p i c  fo rma t ions  and non- l inear  
c o n s t i t u t i v e  l aws ,  w i t h  f l u i d  f low and de fo rma t ion  
coupled.  However, owing t o  t h e  computa t ional  compler- 
i t y  and expense  of o p e r a t i o n ,  three- dimensional  
de fo rma t ion  models t h a t  a r e  f u l l y  coupled t o  t h e  
r e s e r v o i r  model have no t  y e t  been s u c c e s s f u l l y  
developed.  

Models of l e s s e r  complexi ty  a r e  s t i l l  capab le  of 
producing u s e f u l  r e s u l t s .  The f i n i t e  e lement  method 
h a s  been a p p l i e d  s u c c e s s f u l l y  t o  t h e  s o l u t i o n  of 
two- dimensional,  f u l l y  coupled f l u i d  f l ow/de fo rma t ion  
problems (Lewis and S c h r e f l e r ,  1978; Sandhu, 1979)  
bu t  w i t h  o n l y  s ing le- phase ,  i s o t h e r m a l  f l u i d  flow and 
a l i n e a r l y  e l a s t i c  c o n s t i t u t i v e  r e l a t i o n  f o r  t h e  
m a t e r i a l s .  The two- dimensional problem could  be 
extended t o  i n c o r p o r a t e  two-phase, non- isothermal  
f l ow bu t  a t  t h e  expense  of c o n s i d e r a b l e  a d d i t i o n a l  
compu ta t iona l  complexi ty .  L 2 w i s  and Shref  l e r  (1978)  
and Sandhu (1979)  have both  shown t h a t  decoupl ing t h e  
f l o w  and de fo rma t ion  e q u a t i o n s  can  l e a d  t o  
S i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  p r e d i c t e d  r e s u l t s ;  
t h e r e f o r e ,  a coupled f o r m u l a t i o n  w i l l  be more 
r e l i a b l e .  Lippmann e t  a l .  (1976) have shown t h a t .  
t empera tu re  e f f e c t s  can  a l s o  be s i g n i f i c a n t .  

O the r  Methods 

F i n i t e  d i f f e r e n c e  methods,  t h e  i n t e g r a t e d  f i n i t e  
d i f  f c r e n c e  method and boundary i n t e g r a l  e q u a t i o n  
t echn iques  a r e  o t h e r  methods a v a i l a b l e  f o r  s o l v i n g  
t h e  subs idence  problem. 
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4 .  A D I N A  F i n i t e  Element Prop,ram 

The ADINA o r  "Automatic Dynamic Inc remen ta l  
Non- l inear  Ana lys i s"  f i n i t e  e lement  program has  a 
v a r i e t y  of l i n e a r  and non- l inea r  m a t e r i a l  models 
a v a i l a b l e ,  i n c l u d i n g  e l a s t i c - p l a s t i c  and time- 
- dependent models. The s i m p l e s t  are t h e  i s o t r o p i c  
and o r t h o t r o p i c  l i n e a r  e l a s t i c  models.  A l a r g e  
deg ree  of o r t h o t r o p i c  a n i s o t r o p h y  can have a 
s i g n i f i c a n t  e f f e c t  on t h e  magnitude of both  
h o r i z o n t a l  and v e r t i c a l  s u r f a c e  de fo rma t ions .  

Deformat ion can  be induced by app ly ing  a p r e s s u r e  
l o a d  on t h e  boundary of a zone of p r e s s u r e  change. 
The i s o t r o p i c  t h e r n o - e l a s t i c  model enab le s  temper- 
a t u r e  changes t o  b e  s p e c i f i e d  a t  e lement  nodes ,  and 
u s i n g  t h e  r e l a t i o n s h i p  between t empera tu re  and 
p r e s s u r e  changes  (AP = 3 a K A T ) ,  p r e s s u r e  changes  c a n  
a l s o  be a p p l i e d  a s  e q u i v a l e n t  t empera tu re  changes.  
However, t h e  i s o t r o p i c  t h e m o - e l a s t i c .  model i s  a 
non- l inea r  implementa t ion  and t h e r e f  o r e  has  a 
comput ional  d i s advan tage  o v e r  t h e  l i n e a r  e l a s t i c  
models.  

The Curve D e s c r i p t i o n  model e n a b l e s  t h e  e l a s t i c  
p r o p e r t i e s  (IC, G ,  V )  t o  be s p e c i f i e d  a s  p iece- wise  
l i n e a r  f u n c t i o n s  of v o l u m e t r i c  s t r a i n ,  and i n c o r  
p o r a t e s  depth- dependent t e n s i o n  c u t - d f  o r  s t r e s s  
r e l i e f .  The Von Mises e l a s t i c - p l a s t i c  model 
i n c o r p o r a t e s  e i t h e r  i s o t r o p i c  o r  k i n e m a t i c  s t r a i n  
ha rden ing .  The s t r e s s - s t r a i n  r e l a t i o n s h i p  can  be 
s p e c i f i e d  as  a piece-wise l i n e a r  f u n c t i o n .  A 
Mohr-Coulomb type  f a i l u r e  c r i t e r i o n  i s  provided .by 
t h e  Drucker- Prager p l a s t i c  cap model. T h i s  d i f f e r s  
from t h e  o t h e r  models i n  t h a t  t h e  main pa rame te r s  
s p e c i f i e d  are t h e  cohes ion  and a n g l e  of s h e a r i n g  
r e s i s t a n c e .  Th i s  model a l s o  i n c o r p o r a t e s  depth-  
dependent t e n s i o n  cut -pff  - 

5. Whirakei  Case Studv 

The major  advantages  of t h e  f i n i t e  element ne thod  a r e  
i t s  a b i l i t y  t o  u se  l i n e a r  o r  n o n l i n e a r  nonhomogeneous 
m a t e r i a l  models i n  a comple t e ly  g e n e r a l  ( b u t  f i n i t e )  
geometry.  However, t h e  more s o p h i s t i c a t e d  t h e  model, 
t h e  more e x t e n s i v e  t h e  i n p u t  d a t a  r equ i r ed .  D r i l l i n g  
h o l e s  j u s t  f o r  c o r e  samples  i s  expensive .  Indeed ,  
a n a l y s i s  of such  samples ,  u s i n g  sma l l- sca l e  l abo r-  
a t o r y  tes ts ,  cannot  g i v e  a t r u e  i n d i c a t i o n  of t h e  
macroscopic  i n  s i t u  m a t e r i a l  p r o p e r t i e s  - t h i s  i s  
p a r t i c u l a r l y  e v i d e n t  f o r  h i g h l y  f r a c t u r e d  sys tems.  

S i n c e  t h e  r a t e  of p r e s s u r e  d e c l i n e  i n  t h e  s team zone 
and t h e  r a t e s  of s u r f a c e  de fo rma t ion  ( b o t h  h o r i z o n t a l  
and v e r t i c a l )  a t  Wai rake i  are approx ima te ly  c o n s t a n t  
a t  p r e s e n t ,  a l i n e a r  e l a s t i c  m a t e r i a l  model was 
chosen f o r  t h e  M I N A  f i n i t e  element program. Also ,  
as t h e  subs idence  bowl a t  Wairakei  is  no t  axisym- 
m e t r i c ,  t h e  de fo rma t ions  a r e  e s s e n t i a l l y  t h ree-  
d imens iona l ;  however, s i n c e  t h e  major  components of 
t h e  h o r i z o n t a l  s u r f a c e  movements a r e  towards  t h e  
c e n t r e  of t h e  bowl, a two- dimensional c r o s s- s e c t i o n ,  
ana lysed  i n  p l a n e  s t r a i n ,  should  a d e q u a t e l y  r e p r e s e n t  
t h e  s t r u c t u r e .  

P r e s s u r e  d e c l i n e  

From dep th- pres su re  r e l a t i o n s h i p s  f o r  t h e  wells 
c l o s e s t  t o  t h e  subs idence  bowl, i t  can  be deduced 
t h a t  most of t h e  Steam Zone occu r s  i n  t h e  Huka 
fo rma t ion .  The e f f e c t  of groundwater  ex t end ing  i n t o  
t h e  Huka fo rma t ion  would r e s u l t  i n  t h e  subs idence  
c a l c u l a t e d  h e r e  being a n  ove re s t ima te .  Rober tson 
(1984)  i nc luded  such  i n f l u e n c e s ;  however, t h e  e x t r a  
i n f o r m a t i o n  r e q u i r e d  on groundwater  l e v e l s ,  e t c ,  
i n t r o d u c e s  compl i ca t ion  wi th  on ly  marg ina l  e f f e c t s .  
I n  t h i s  s t u d y ,  t h e r e f o r e ,  t h e  e f f e c t  of changing 
groundwater  l e v e l s  was igno red .  Also ,  t h e  measured 
p r e s s u r e  d e c l i n e  i n  t h e  ho t  wa te r  zone w i t h i n  t h e  
Maiora f o r m a t i o n  i s  l e s s  t han  t h a t  i n  t h e  s team zone 
o r  Huka fo rma t ion .  

From t h e  subs idence  models examined I n  S e c t i o n  3 
above,  i n  p a r t i c u l a r  t h e  nuc l eus- of- s t r a in  models 
( B o r s e t t o  and C a r r a d o r i ,  1981; Mal lon,  1984)  and t h e  

numerica l  exper iments  u s ing  A D I N A ,  t h e  po in t  of  
i n f l e c t i o n  i n  t h e  v e r t i c a l  de fo rma t ion  p r o f i l e  (which 
a l s o  co r r e sponds  t o  t h e  maximum h o r i z o n t a l  
def o n n a t i o n )  corresponds  app rox ima te ly  t o  t h e  edge of 
t h e  d e p r e s s u r i z e d  zone. It was assumed, t h e n ,  t h a t  
t h e  s i z e  of t h e  c u r r e n t  d e p r e s s u r i z e d  zone a t  
Wairakei  can  be d e t e m i n e d  by examininq t h e  a c t u a l  - 

de fo rma t ion  p r o f i l e s  (F ig .  5.1). 

The l a t e r a l  e x t e n t  of t he  zone on t h e  minor  a x i s  of 
t h e  e l l i p s e  i s  approximate ly  200-250 n, w h i l e  on t h e  
major  a x i s  i t  i s  350-400 m. 

The w e l l  c l o s e s t  t o  t h e  c e n t r e  of t h e  subsidence  
bowl, WK53, shows a 0.2 MPa p r e s s u r e  d e c l i n e  over  t h e  
t e n  y e a r  p e r i o d  1970 t o  1980. O the r  w e l l s ,  however, 
even a s  f a r  away as t h e  Western B o r e f i e l d  ( e .g .  WK65) 
show a p r e s s u r e  d e c l i n e  of 0.4 ma o v e r  t h e  same 
pe r iod .  Averaging ove r  w e l l s  c l o s e s t  t o  t he  subs i-  
dence bowl g i v e s  a n  annua l  p r e s s u r e  d e c l i n e  of .0.04 
MPa p e r  y e a r  i n  t h e  s team zone. T h i s  i s  c l o s e  t o  t h e  
v a l u e  of 0.05 MF'a p e r  y e a r  c i t e d  by A l l i s  and Barker  
(1982).  

M a t e r i a l  p r o p e r t i e s  

Fo r  t h e  l i n e a r  e l a s t i c  node1 be ing  developed h e r e ,  
o n l y  t h e  e l a s t i c  moduli  are of i n t e r e s t .  Other  
p r o p e r t i e s  such as d e n s i t y ,  p o r o s i t y ,  p e r m e a b i l i t y ,  
e t c . ,  a r e  r e l e v a n t  on ly  i f  a r e s e r v o i r  model i s  t o  be 
coupled w i t h  t h e  de fo rma t ion  model. Hendr icksen 
(1976)  measured t h e  m a t e r i a l  p r o p e r t i e s  of t h e  
fo rma t ions  a t  Wairakei  from t e s t s  on r e p r e s e n t a t i v e  
c o r e  samples.  Two methods,  namely s h e a r  and p l ane  
wave t e s t s  and t r i a x i a l  t e s t s  were used t o  measure 
t h e  e l a s t i c  moduli;  t h e r e  i s  a d i f f e r e n c e  exceeding 
a n  o r d e r  of magnitude between t h e  r e s u l t s  from each 
of t h e  two methods. 

P o i s s o n ' s  r a t i o  can  be assumed t o  b e v  = 0.3 and could 
be  j u s t i f i e d  by a t  l e a s t  one of t h e  test  methods f o r  
each l a y e r .  However, t h e  cho ice  of v i s  n o t  c r i t i c a l .  
The de fo rma t ions  a r e  dependent mainly  on tne s h e a r  
s t i f f n e s s  o r  s h e a r  modulus, G. For  a l i n e a r  e l a s t i c  
m a t e r i a l ,  t h i s  depends on bo th  Young's modulus E and 
P o i s s o n ' s  r a t i o  ( G  = E / ( 1  + v )  . 
T y p i c a l  r e s u l t s  f o r  Young's modulus E a r e  g iven  i n  
Tab le  5.1, and show t h e  d i sc repancy  between t h e  
d i f f e r e n t  methods. The h igh  r e l a t i v e  s t r e n g t h  of t h e  
Wairakei  i g n i m b r i t e  shows t h a t  t h i s  l a y e r  can be 
s a f e l y  assumed t o  be i ncompres s ib l e .  

TABLE 5.1: R e s u l t s  f o r  Young's modulus, found by 
Hendrickson (1976) .  Conf in ing p r e s s u r e s  
a r e  i n  p a r e n t h e s e s .  

Formation Shea r  and P l a n e  T r i a x i a l  T e s t s  
Wave T e s t s  

Pumice 2280 (3 .45)  176 (1) 

Huka 4770 ( 3 . 4 5 )  154 ( 5 )  

Waiora 8060 (3 .45)  0.9-2.9 ( 3 . 4 5 )  

Wa i rake  i 
I g n i m b r i t e  36800 ( 3 . 4 5 )  

Conso l ida t ion  t e s t s  on samples of l h k a  pumice b r e c c i a  
and Waiora pumice b r e c c i a  ( A l l i s  and Barke r ,  1 9 s 2 )  
y i e l d  c o n s o l i d a t i o n  cu rves  of c l a s s i c  shape ,  thouzh 
each i s  d i s t i n c t .  The d i f f e r e n c e  may be due t o  t h e  
f a c t  t h a t  t he  Fluka pumice b r e c c i a  was depos i t ed  i n  
w a t e r ,  u n l i k e  t h e  Waiora pumice b r e c c i a .  Also ,  t!ie 
Huka pumice b r e c c i a  may have been hydrothermal ly  
a l t e r e d .  The normally c o n s o l i d a t e d  c o m p r e s s i b i l i t i e s  
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F i g u r e  1: Vert ical  de fo rma t ion  p r o f i l e s  (a) minor  and major  axes of ( e l l i p t i c a l )  
s u b s i d e n c e  bowl; 

( b )  Sou th- eas t  t r a v e r s e .  

f o r  t h e  Huka pumice b r e c c i a  and Wniora pimice b r e c c i a  
were 0.08 MPa-1 and 0.23 NP3-l ( E  = 10.A MPa and 3 . 6  
N P a )  r e s p e c t i v e l y .  The p r e c o n s o l i d n t i o n  p r e s s u r e  f o r  
bo th  m a t e r i a l s  i s  abou t  1 MPa.  From an i d e a l i s e d  
e f f e c t i v e  s t r e s s- d e p t h  p r o f i l e ,  t h e  Ilitk3 fo rma t ion  i s  
most l i k e l y  no rma l ly  c o n s o l i d a t e d ,  w h i l e  t h e  over-  
burden i s  s t i l l  preroi i r ;o l ida ted .  As n e i t h e r  l a y e r  
h a s  been s u b j e c t e d  lo s i g n i f i c a n t l y  h i g h e r  e f f e c t-  
i v e  s t r e s s ,  t h e r e  i r ;  IIO j u s t i f i c a t i o n  f o r  a n  over-  

c o u s o l i d n t e d  overburden.  Consequent ly ,  i t  is- 
b e l i e v e d  t h a t  t h e  a p p a r e n t  t r a n s i t i o n  from over-  
c o n s o l i d a t i o n  t o  normal c o n s o l i d a t i o n  i s  i n  f a c t  a 
c o n s t i t u t i v e  p r o p e r t y  of t h e  Waiora pumice b r e c c i a .  
From c a l c u l a t i o n s  by Rober t son  ( 1 9 8 4 ) ,  t h e  Young's 
modulus f o r  t h e  Waiora fo rma t ion  i s  abou t  3500 >Pa; 
t h e r e  i s  t h u s  v e r y  l i t t l e  c o n t r i b u t i o n  from t h e  
Waiora fo rma t ion  t o  t o t a l  subs idence .  



Hendr i ckson ' s  ( 1 9 7 6 )  r e s u l t s  g i v e  no i n f o r m a t i o n  on 
t h e  Wairakei  pumice b r e c c i a .  It was assumed the re-  
f o r e  t h a t  t h e  Pumice and Wairakei  pumice b r e c c i a  
l a y e r s  have  t h e  same m a t e r i a l  p r o p e r t i e s .  The two 
l a y e r s  a r e  combined t o  form a s i n g l e  overburden 
l a y e r  - 
System geometry 

The sys tem is now reduced t o  two l a y e r s :  t h e  Huka 
fo rma t ion  r e p r e s e n t s  t h e  r e s e r v o i r  i n  which com- 
p a c t i o n  i s  t a k i n g  p l a c e  due t o  d e c l i n e  i n  pore  
p r e s s u r e ,  and t h e  Pumice and Wairakei  pumice b r e c c i a  
f o r a  t h e  overburden.  S u i t a b l e  t h i c k n e s s e s  a r e  
determined from c o r e  i n f o r m a t i o n  a t  wells c l o s e  t o  
t h e  subs idence  bowl. A s u i t a b l e  f i r s t  e s t i m a t e  f o r  
t h e  d e p t h  of each  l a y e r  i s  l O O m  f o r  t h e  overburden 
and 150 m f o r  khe r e s e r v o i r .  

Hodel One - l a t e r a l  v a r i a t i o n  i n  p r e s s u r e  d e c l i n e  

The c r o s s- s e c t i o n  used ,  reduced t o  two l a y e r s ,  i s  
shown i n  F i g u r e  5.2. Displacements  i n  t h e  ( y , z )  
d i r e c t i o n s  a r e  (v,w).  V e r t i c a l  d i sp l acemen t s  down- 
wards are n e g a t i v e ,  w h i l e  h o r i z o n t a l  d i sp l acemen t s  
towards t h e  c e n t r e  of t h e  subs idence  bowl a r e  
p o s i t i v e .  

Using t h e  assumpt ions  o u t l i n e d  above,  a c e n t r a l ,  
l o c a l i z e d  r e g i o n  of p r e s s u r e  d e c l i n e  i s  de f ined .  
Compared w i t h  t h e  nuc l eus- of- s t r a in  method, however, 
t h e  f i n i t e  e lement  a n a l y s i s  h a s  t h e  advantage  t h a t  
each e lement  can  have i t s  own set  of m a t e r i a l  proper-  
t i e s .  I n  t h i s  c a s e ,  i t  i s  assumed t h a t  t h e  two 
l a y e r s  (ove rbu rden  and r e s e r v o i r )  a r e  s e p a r a t e l y  
homogeneous. 

The re  i s ,  i n  r e a l i t y ,  a f i n i t e  p r e s s u r e  d e c l i n e  out-  
s i d e  t h e  zone of maximum subs idence ;  t h e  p r e s s u r e  
d rop  i n  t h e  c e n t r a l  r eg ion  is  t h u s  t a k e n  t o  be t h a t  
i n  exces s  of t h e  d e c l i n e  i n  t h e  su r round ing  r e s e r-  
v o i r .  Also, symmetry has  been e x p l o i t e d ,  w i t h  on ly  
one h a l f  of t h e  c r o s s- s e c t i o n  being ana lysed .  Non- 
symmetric c a s e s  a r e  e a s i l y  a n a l y s e d ,  however. It was 
a l s o  found t h a t ,  i n  o r d e r  t o  minimize o u t e r  edge 
e f f e c t s ,  t h e  f i n i t e  e lement  model r e q u i r e d  a l a r g e  
width- to- depth  r a t i o .  

I n  Model One, t h e  e f f e c t  of a d e c l i n e  i n  po re  
p r e s s u r e  i s  ob ta ined  by a s p r e a d  l o a d ,  o r  two dimen- 
s i o n a l  p r e s s u r e  l o a d ,  around t h e  boundary of t h e  
d e p r e s s u r i z e d  zone. 

The pr imary a s se s smen t  of t h e  performance of a model 
can  be  made by comparing t h e  c a l c u l a t e d  s u r f a c e  d i s -  
placements  w i t h  t h o s e  measured by su rvey .  A f t e r  some 
expe r imen ta t ion ,  i t  was found t h a t  t h e  overburden 
s t i f f n e s s  must be g r e a t e r  t h a n  t h a t  of t h e  r e s e r v o i r  
by a t  l e a s t  a n  o r d e r  of magnitude. The r e s e r v o i r  
s t i f f n e s s  r e q u i r e d  t o  o b t a i n  v e r t i c a l  d i sp l acemen t s  
of t h e  c o r r e c t  magnitude is 10 MPa, determined from 
t h e  measured normal ly  c o n s o l i d a t e d  c o m p r e s s i b i l i t y  of 
t h e  Huka fo rma t ion .  The appa ren t  normal ly  c o n s o l i -  - 
da ted  c o m p r e s s i b i l i t y  of t h e  Wai iakei  pumice b r e c c i a  
( i n  t h e  ove rbu rden )  co r r e sponds  t o  a s t i f f n e s s  of 3.6 
m a ,  which is  l e s s  t han  t h e  r e s e r v o i r  s t i f f n e s s .  It 
was t h e r e f o r e  concluded t h a t  t h e  overburden must be  
from the  " ove rconso l ida t ed"  s e c t i o n  of t h e  cu rve  i n  
o r d e r  t o  have s t i f f n e s s  g r e a t e r  t h a n  t h a t  of t h e  
r e s e r v o i r .  A s u i t a b l e  s t i f f n e s s  f o r  t h e  overburden,  
g i v i n g  h o r i z o n t a l  d i sp l acemen t s  of t h e  c o r r e c t  
magni tude ,  i s  150 ElPa. 

I n c r e a s i n g  t h e  r e s e r v o i r  dep th  r e s u l t s  i n  a n  i n c r e a s e  
i n  bo th  t h e  maxiinum v e r t i c a l  and h o r i z o n t a l  d i s p l a c e-  
ments. With a r e s e r v o i r  dep th  of 150 m ,  overburden 
dep th  of 100 m ,  s t i f f n e s s e s  of 10 MPa and 150 Wn 
r e s p e c t i v e l y ,  and a l o c a l i z e d  p r e s s u r e  d e c l i n e  of 
0.04 MPa p e r  y e a r  o v e r  a l o a d  width  of 250m, v e r t i c a l  
and h o r i z o n t a l  d i sp l acemen t s  p r o f i l e s  of t h e  c o r r e c t  
magnitude and app rox ima te ly  c o r r e c t  shape  were 
ob ta ined  ( s e e  F i g u r e  5 .3) .  

Xodel two - l a t e r a l  v a r i a t i o n  i n  c o n p r e s s i b i l i t y  

S e v e r a l  f e a t u r e s  of t h e  observed v e r t i c a l  deformat ion 
p r o f i l e  could  no t  be accounted f o r  by t h e  r e s u l t s  o f  
model one. The c u r v a t u r e  a t  t h e  c e n t r e  of t he  c a l -  
c u l a t e d  p r o f i l e  i s  i n v a r i a b l y  t o o  l a r g e ,  and t h e  
c a l c u l a t e d  v e r t i c a l  d i sp l acemen t s  tend t o  ze ro  too 
q u i c k l y  o u t s i d e  the  r eg ion  of maximum subs idence .  

A more g r a d u a l  t r a n s i t i o n  from t h e  zone oE maximum 
p r e s s u r e  d e c l i n e  t o  where t h e  p r e s s u r e  is cons t an t  
would enab le  a b e t t e r  match t o  t h e  top  s e c t i o n  of t h e  
observed v e r t i c a l  deformacion p r o f i l e s .  However, a t  
Wa i rake i ,  t h e  p r e s s u r e  d e c l i n e  i n  t h e  region of 
subs idence  i s  l a t e r a l l y  a lmos t  c o n s t a n t ,  t h e r e f o r e  
some o t h e r  phenomenon must be c o n t r i b u t i n g  t o  t h e  
l e v e l  of l o c a l i z e d  subs idence .  

The second model examines t h e  e f f e c t  of a l a t e r a l  
v a r i a t i o n  i n  s t i f f n e s s  o r  c o m p r e s s i b i l i t y .  I n  >lode1 
Onei d i s c u s s e d  above, i t  was found t h a t  a normally 
c o n s o l i d a t e d  s t i f f n e s s  of 10-a i n  a 150m t h i c k  
res e r v o i  r produced v e r t i c a l  d i sp l acemen t s  of t h e  
r e q u i r e d  magnitude, and a n  o v e r c o n s o l i d a t e d  s t i f f n e s s  
of 150 MPa i n  t h e  100 m t h i c k  overburden r e s u l t e d  i n  
h o r i z o n t a l  d i sp l acemen t s  of t h e  r e q u i r e d  s i z e .  Fo r  
Model Two, a r e s e r v o i r  s t i f f n e s s  of a t  l e a s t  10 m a  
i s  s t i l l  neces sa ry  nea r  t h e  c e n t r e  of t h e  subs idence  
bowl. I f  t h e  p r e s s u r e  d e c l i n e  i s  t a k e n  t o  be t h e  
same throughout  t h e  r e s e r v o i r ,  t h e  l a t e r a l  v a r i a t i o n  
i n  s t i f f n e s s  must be c o n s i d e r a b l e  i n  o r d e r  t o  produce 
such l o c a l i z e d  d i sp l acemen t s .  The most l o g i c a l  cause  
f o r  such  a v a r i a t i o n  i s  t h a t  rhe  r e s e r v o i r  m a t e r i a l  
i n  t h e  subs idence  bowl has  been hydro the rma l ly  a l t e r -  
ed ,  w h i l e  t h e  su r round ing  r e s e r v o i r  has  not .  The 
"over- consol idated"  s t i f f n e s s  of 150 W a  used f o r  t h e  
overburden i n  Model One w a s  used h e r e  f o r  t h e  o u t e r  
r e s e r v o i r  zone i n  Model Two. 

To model t h e  p r e s s u r e  d e c l i n e ,  a two-dimensional 
p r e s s u r e  l o a d  of 0.04 MPa was . app l i ed  t o  t he  top  of 
t h e  r e s e r v o i r ;  t h i s  co r r e sponds  t o  a n  a n n u a l  p r e s s u r e  
drop of 0.04 >Pa  throughout  t h e  e n t i r e  r e s e r v o i r  ( s e e  
F i g u r e  5.4). 

The a n a l y s i s  produced v e r t i c a l  d i sp l acemen t  p r o f i l e s  
t h a t  a r e  t o o  s t e e p .  During some expe r imen ta t ion ,  t h e  
w id th  of t h e  h i g h l y  compres s ib l e  zone was v a r i e d .  
The s t i f f n e s s  of t h i s  zone was a d j u s t e d  s o  t h a t  t h e  
maximum v e r t i c a l  d i sp l acemen t  was e q u a l  t o  t h e  
observed annua l  i n c r e a s e  i n  subs idence  a t  t h e  c e n t r e  
of t h e  subs idence  bowl. By such ad jus tmen t  i n  t h i s  
model,  v e r t i c a l  d i sp l acemen t  p r o f i l e s  were found t o  
be much c l o s e r  t o  measured shapes .  I n  a l l  c a s e s ,  t h e  
h o r i z o n t a l  d i sp l acemen t s  were found t o  decay a l i t t l e  
t o o  q u i c k l y  from t h e  maximum v a l u e  ( s e e  F i g u r e  5.5). 

6. Summary 

Both models a r e  capab le  of producing a r ea sonab le  f i t  
t o  t h e  observed v e r t i c a l  and h o r i z o n t a l  deformat ion 
p r o f i l e s  u s i n g  a s imp le  two- layer geometry wi th  t h e  
m a t e r i a l  i n  each l a y e r  be ing  homogeneous. However, 
t h e r e  is no evidence  t o  s u g g e s t  t h e r e  i s  any l o c a l -  
i s e d  zone of g r e a t e r  p r e s s u r e  d e c l i n e  i n  t he  zone of 
maximum subs idence ,  t h e r e f o r e  Model One i s  u n l i k e l y  
t o  r e p r e s e n t  t h e  de fo rma t ion  p roces s  t a k i n g  p l ace  a t  
Wairakei .  T h e r e f o r e ,  i t  must be the  dcpth-compress- 
i b i l i t y  product  which i s  t h e  cause  of t h e  l o c a l  
subs idence .  As t h e  v a r i a t i o n  i n  t h i c k n e s s  of t h e  
Huka fo rma t ion  i s  s l i g h t ,  a v a r i a t i o n  i n  compress- 
i b i l i t y  such  a s  i n  Model Two seems t o  be the  most 
l i k e l y  cause  f o r  t h e  l o c a l i t y  and e x t e n t  a t  t h e  
subs idence  a t  Wairakei .  

The major  advantage  t h e  f i n i t e  element a n a l y s i s  has  
ove r  a n u c l e u s- a t- s t r a i n  a n a l y s i s  i s  t h e  a b i l i t y  t o  
account  f o r  t h e  d i f f e r e n t  l a y e r s  and t h e i r  i n d i v i d u a l  
p r o p e r t i e s .  Th i s  advantage  has  enabled a good f i t  t o  
t h e  h o r i z o n t a l  s u r f a c e  de fo rma t ions  a s  we l l  a s  t h e  
v e r t i c a l  s u r f a c e  de fo rma t ions .  
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2- D  Pressure Load 

I Zone of Pressure Decl ine Reservoir Overburden 

Figure 5.2.: Model One c r o s s- s e c t i o n ,  inc luding  appl ied  pressure load.  
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Figure 5 . 3 :  V e r t i c a l  and h o r i z o n t a l  displacements - Nodel One (150m r e s e r v o i r  depth) .  
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2-D P r e s s u r e  Load 

Zone of High Compres s ib i l i t y  Re se rvo  i r  Overburden 

F i g u r e  5.4 : Model Two cro'ss- sec t i o n ,  i n c l u d i n g  a p p l i e d  p r e s s u r e  l o a d .  
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