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INTRODUCTION 

The purpose of the p r e s e n t  s t u d y  is to  d e v e l o p  a method for 

s i m u l t a n e o u s  s o l u t i o n  of stress and  f l o w  in a deformable f r a c t u r e d  

isotropic po rous  medium saturated w i t h  a s i n g l e  phase  s l i g h t l y  compres- 

sible f l u i d .  

forces, boundary l o a d s ,  i n i t i a l  stress, and  i n f l u e n c e d  by some f l u i d  

pressure d i s t u r b a n c e .  The method invo lves  a p p l i c a t i o n  of t h e  t h e o r y  3€ 

e l a s t i c i t y  €or p l a n e  s t r a i n  s y s t e m s ,  Darcy'  s l a w  f o r  po rous  medium, and 

B i o t ' s  c o n s t i t u t i v e  e q u a t i o n s  f o r  t h e  G x i x r e  of f l u i d  and  s o l i d  s k e l e t o n .  

The r e s u l t i n g  i n i t i a l  boundary v a l u e  prob3em i s  t h e n  n u m s r i c a l l y  

fo rmu la t ed  i n t o  f i n i t e  e l emen t  e q u a t i o n s  iss ing t h e  c a l c u l u s  of v a r i a t i o n s .  

The sys t em d e f i n e d  as s u c h  can  be under  the effect  of body 

A'computer program has been  developeri  by modi fy ing  e x i s t i n g  programs 

t o  c o n s i d e r  i n t e r a c t i o n s  between f r ac tu re : ;  and po rous  medium when b o t h  

flow and stress f i e l d s  are coup led .  

problems i n  i:ock masses  where f r a c t u r e s  e x t e n d  from one  boundary t o  

a n o t h e r ,  i n t e r s e c t  each  other, or arc i s o l a t e d  i n  t h e  po rous  medium. The 

f r a c t u r e s  may have random o r i e n t a t i o n s  and t h e  rock  m a t r i x  can be permeable  

or impermeable.  

o r  a x i a l l y  symmetric. 

s t a t e  f l o w  f i e l d  under  Sts t ic  e q u i l i b r i u m  or a non- steady f low f i e l d  i n  

The program i s  c a p a b l e  o f  h a n d l i n g  

The r eq io i i  under  i n v e s t i g a t i o n  may be t w o  d imens iona l  

S o l u t i o n s  can be o b t a i n e d  f o r  e i t h e r  a s t eady -  , 

c o n j u n c t i o n  w i t h  q u a s i - s t a t i c  e q u i l i b r i u m  c o n d i t i o n s .  
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Resu l t s  obta ined f c r  c e r t a i n  t y p i c a l  examples a r e  genera l ly  i n  close 

agreement wi th  a n a l y t i c a l  s o l u t i o n s  a v a i l a b l e  f o r  r ig28 systems. 

a d d i t i o n ,  some new f e a t u i o s  on t h e  response of deformable rock masses 

under t he  i n f l uence  of a flow f i e l d  have been s tud ied .  

development can be extended t o  handle coupled s t r e s s  and h e a t  flow problems 

i n  rock masses. Such modi f ica t ion  r e q u i r e s  new sets of c o n s t i t u t i v e  

equa t ions  and t h e  app l i c2 t i on  of r e a l i s t i c  thermomechanical ma te r i a l  

p r o p e r t i e s .  

I n  

The p r e sen t  

DISCUSSION AND CONCLUSIONS 

The method de sc r i bed  he re  has  been developed t o  provide  a means to  

understand i n  a broader  sense ,  t he  behavior of a system c o n s i s t i n g  of a 

porous deformable rock mass s a t u r a t e d  wi th  a s i n g l e  phase l i q u i d  which 

is under t he  combined i n f l uence  of f l u i d  p r e s su re ,  boundary flux, and 

boundary loads .  

plate model f o r  f low i n  f r a c t u r e s  have been used to  de f ine  f l o w  i n  t h e  

porous rock mass. The theory  of e l a s t i c i t y  t oge the r  wi th  a non- l inear  

Darcy's l a w  for f l o w  through porous rock and t h e  p a r a l l e l  

f r a c t u r e  model is used to  d e f i n e  deformat ions  i n  t h e  parous s k e l e t o n  as 

w e l l  as i n  t h e  f r a c t u r e  network. I n  o r d e r  to  provide  an i n t e r r e l a t i o n  

between f l u i d  f l o w  and s t r u c t u r a l  deformat ions  i n  t h e  rock mass, t w o  

c o n s t i t u t i v e  r e l a t i o n s  in t roduced  by B i o t  (1941) have been used. I n  

add i t i on ,  an i n t e r connec t i on  between f l o w  i n  fractures and i n  t h e  a d j a c e n t  

porous rocks  w a s  developed by w r i t i n g  mass balance r e l a t i o n s .  

A f i n i t e  element numerical  procedure was adopted i n  t h i s  a n a l y s i s  

because ob ta in ing  a n a l y t i c a l  s o l u t i o n s  for stress and f l o w  problems i n  

porous rock masses w i t h  complicated geometr ies  and boundary cond i t i ons  

is a d i f f i c c l t ,  if n o t  impossible ,  t a sk .  Through proper  use  of c a l c u l u s  

of v a r i a t i o n s ,  t h e  governing equa t ions  and boundary cond i t i ons  a r e  cast 
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i n t o  d i s c r e t e  f i n i t e  element  equations--the s o l u t i o n  of which g i v e s  f l u i d  

pressure and s t r u c t u r a l  d isp lacements  a t  a l l  nodal  p o i n t s  s p e c i f i e d  w i t h i n .  

the reg ion  uider i n v e s t i g a t i o n .  

The a p p l i c a t i o n  o f  f i n i t e  element procedures i n  this s tudy  has  been 

quite advantageous. 

region and has o f f e r e d  freedom t o  describe t h e  geometry i n  t w o  dimensions. 

The use  of two-dimensional i soparamet r i c  eleinents for  d e f i n i n g  t h e  porous 

medium and onr-dimensional i soparamet r i c  elements  which d e f i n e  f r a c t u r e  

I t  has  provided f l e x i b i l i t y  i n  d i s c r e t i z a t i o n  of the 

segments has  f u r t h e r  c o n t r i b u t e d  t o  t h e  e f f i c i e n c y  of the numerical  

procedure. Furthermore, t h e  numerical  method developed i n  t h i s  s tudy  

enab les  one to o b t a i n  stresses and f l o w s  w i t h i n  each element very 

e f f i c i e n t l y .  

The p r e s e n t  numerical  development has  also proved t o  be capable of 

handl ing  a w i d e  range of  problems f r o m  s t e a d y- s t a t e  f l o w  under stat ic  

equ i l ib r ium c o n d i t i o n s  t o  t r a n s i e n t  f low under q u a s i - s t a t i c  e q u i l i b r i u m  

condi t ions .  The rock may be porous and permeable or impervious. The rock 

mass can be deformable or s t r u c t u r a l l y  r i g i d .  

may be loca ted  i n  t h e  porous medium and i ts  boundar ies ,  i n  a fracture 

segment or a t  t h e  i n t e r s e c t i o n  of f r a c t u r e s .  

The pressure or flux source  

I n  a d d i t i o n ,  isolated or 

non in te r sec t ing  sets of f r a c t u r e s  can be incorpora ted  i n t o  t h e  r eg ion  

under s tudy.  

Yn t h e  a n a l y s i s  of r i g i d  f r a c t u r e d  syst.ems s imula ted  by the p r e s e n t  

method, it has been shown t h a t  t h e  f l o w  i n t o  t h e  w e l l  i s  p r o p o r t i o n a l  t o  

t h e  to ta l  l eng th  of t h e  f r a c t u r e s  i n t e r s e c t i n g  t h e  w e l l .  Th i s  has been 

shown for either one or two fractuxes that i n t e r s e c t  the w e l l .  

-266- 



The s tudy of t h e  response  of a defoimable f r a c t u r e d  porous m e d i u m  

sihject to  f l u i d  withdrawal  from a w e l l  i n t e r s e c t e d  by t h e  fractures h a s  

revealed  that  the f r a c t u r e s  close more r a p i d l y  a t  e a r l y  t i m e ,  wh i l e  a t  

la ter  t i m e  

drop i n  t h e  porous medium. 

f r a c t u r e s  i n  impermeable systems where t h e  deformations w i l l  cont inue  wi th  

f u r t h e r  changes i n  f l u i d  p r e s s u r e .  

t h e  rate of c l o s i n g  reduces due t o  t h e  subsequent  p r e s s u r e  

Such behavior  i s  not  expected  t o  occur  i n  

The nonl inear  behavior  of j o i n t s  i n  f r a c t u r e d  systems dur ing  f l u i d  

f l o w  wi th  changing strcss can be s t u d i e d  more q u a n t i t a t i v e l y  us ing  t h e  

p r e s e n t  mctliod. 

v a r i a t i o n  of f r a c t u r e  s t i f f n e s s  due to  f l u i d  p ressu re .  

cannot  be expected t o  reduce t h e  s t i f f n e s s  of f r a c t u r e s  i n  a porous 

medium when h igh ly  compressive i n i t i a l  stresses e x i s t .  Only where a rock 

system i s  subject to  s m a l l  i n i t i a l  compressive stresses w i l l  t h e  fracture 

network be more s u s c e p t i b l e  t o  a r e d u c t i o n  i n  s t i f f n e s s .  

o f  t h e  normal s t i f f n e s s  of t h e  f r a c t u r e s  due to  f l u i d  i n j e c t i o n  can be 

approximated by l o g a r i t h m i c  func t ions .  

It  should IIC p o s s i b l e  t o  cse t h i s  approach t o  o b t a i n  t h e  

F l u i d  i n j ec t i on  

?'he variation 

Although t h e  p r e s e n t  method is able t o  handle  a wide range of f l o w  

problems i n  rock masses, c e r t a i n  l i m i t a t i o n s  concerning t h e  use  of t h e  

method should be k e p t  i n  mind. 

this s tudy  can be used for cases i n  which g r a v i t a t i o n a l  a c c e l e r a t i o n  i s  

n e g l i g i b l e .  

blems where t h e  aquifer t h i c k n e s s  is v e r y  small compared to  t h e  h e i g h t  of 

t h e  overburden material. However, f u r t h e r  improvements can be made i n  

the program t o  account for  the i n f l u e n c e  of g r a v i t y .  

t h a t  changes in  both t h e  f l o w  and stress f i e l d s  t a k e  place a t  c o n s t a n t  

temperature. 

The e x i s t i n g  computer program developed i n  

This  assumption is v a l i d  i n  most r e s e r v o i r  eng inee r ing  pro- 

Also it is assumed 
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A p p l i c a b i l i t y  of t h e  p r e s e n t  method depends on t h e  a v a i l a b i l i t y  of 

geo log ica l  in format ion  on rock mass s t r u c t u r e s .  

i nc lud ing  t h e  length ,  o r i e n t a t i o n ,  and i n i t i a l  fracture a p e r t u r e  openings 

should be knoun. 

rock mass strirctures a t  depth  fu r the r  r e s t r l c t s ' t h e  use of  t h e  method. 

Such r e s t r i c t i o n s  have d i r e c t e d  t h e  a t t e n t i o n  of some i n v e s t i g a t o r s  towards 

s t a t i s t i ca l  approaches. 

The geometry of t h e  s y s t e m  

The fact t h a t  t h e s e  d a t a  are n o t  e a s i l y  accessible f o r  

It should be emphasized t h a t  unders tanding t h e  behavior  of  f r a c t u r e d  

rock  masses un2er t h e  combined e f f e c t s  of flow and stress i s  a complicated 

process .  

step toward handl ing t h i s  problem. 

if one is concerned w i t h  t h e  f l o w  of h e a t  i n  such systems. However, t h e  

p r e s e n t  work may be h e l p f u l  i n  sugges t ing  a p o s s i b l e  approach to non- 

i so thermal  problems a s s o c i a t e d  wi th  f r a c t u r e d  rocks.  

The numerical  method developed i n  t h i s  work r e p r e s e n t s  a f i r s t  

Fu r the r  compl ica t ions  .can be expected 

Extension o f  the p r e s e n t  i n v e s t i g a t i o n  i n  future work by o t h e r s  is 

recommended i n  such areas as: 

(A) Development and a p p l i c a t i o n  of new f r a c t u r e  models t h a t  can 

h e l p  one t o  s imula te  t h e  behavior  of d i s c o n t i n u i t i e s  i n  rock masses more 

e f f i c i e n t l y .  

(B) Fur ther  g e n e r a l i z a t i o n  of t h e  p r e s e n t  computer program t o  

inc lude  an op t ion  for t h e  s o l u t i o n  of coupled stress and h e a t  conduct ion 

problems i n  rock masses. Such mod i f i ca t i on  w i l l  r e q u i r e  new sets of 

c o n s t i t u t i v e  equa t ions  and t h e  a p p l i c a t i o n  of real is t ic  thermo-mechanical 

material p r o r e r t i e s .  

(C )  If t h e  p r e s e n t  method i s  t o  be used as a practical tool r a t h e r  

than remaining as a p u r e l y  idealized s imu la t ion  technique,  it should be 

app l i ed  to  f i e l d  problems where realistic p h y s i c a l  data can be obta ined  

on the behavjcr  of rock masses. 
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