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INTRODUCTION 

The purpose  of the p r e s e n t  s t u d y  i s  t o  develop a method for 

s imul taneous  s o l u t i o n  of stress and flow i n  a deformable f r a c t u r e d  

isotropic porous  m e d i u m  s a t u r a t e d  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 .  The system d e f i n e d  as such  can  be under t h e  effect of body 

forces, bollndary 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  

p r e s s u r e  distuzbance. The methad involver ;  a p p i i c a t i o n  o f  t h e  theory 3f 

e l a s t i c i t y  f o r  p l a n e  s t r a i n  sys t ems ,  Darcy ' s  l a w  f o r  porous  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 t u 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  prob3.em is  then  numer i ca l ly  

formula ted  i n t o  f i n i t e  e lement  e q u a t i o n s  u s i n g  t h e  c a l c u l u s  of v a r i a t i o n s .  

A'computer program h a s  been develcpeti  by modifying 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 a c t u r e s  and porous  medium when bo th  

flow and stress f i e l d s  a re  coupled .  The program i s  capab le  o f  hand l ing  

problems i n  rock masses where f r a c t u r e s  ex tend  from one boundary t o  

a n o t h e r ,  i n t e r s e c t  each o t h e r ,  or  arc i s o l a t e d  i n  t h e  porous medim. 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  ma t r ix  can be permeable 

or  impermeable. The r e v i o n  under i n v e s t i g a t i o n  may be t w o  dimensional  

or a x i a l l y  symmetric. 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 teady-  

s ta te  f low f i e l d  under  Sit3ti.c e q u i l i b r i u m  or a non-steady f l o w  f i e l d  i n  

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  cond i t ions .  
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Results obtained fcr ce r t a in  typical examples a re  generally i n  close 

agreement with ana ly t i ca l  so lu t ions  ava i lab le  fcr rig26 systems. 

addi t ion,  some new f ea tu i e s  on the  response of deformable rock masses 

under the  influence of a flow f i e l d  have been studied. 

development can be extended to  handle coupled stress and hea t  flow problems 

i n  rock masses. Such modification requires  new sets of cons t i t u t ive  

equations and t h e  appl icPt ion of r e a l i s t i c  thermomechanical mater ia l  

In  

The present  

properties. 

DISCUSSION AND CONCLUSIONS 

The method descr ibed here has been developed t o  provide a means t o  

understand i n  a broader sense,  the behavior of a system cons is t ing  of a 

porous deformable rock mass sa tura ted  with a s ing le  phase l i q u i d  which 

is under the  combined inf luence of f l u i d  pressure,  boundary f lux ,  and 

boundary loads. 

plate model for flow i n  f r ac tu res  have been used to  def 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  together  with a non-linear 

fracture model is used t o  def ine  deformations i n  t h e  Wrous skeleton as 

well as i n  t h e  f r a c t u r e  network. 

between f l u i d  f l o w  and s t r u c t u r a l  deformations i n  the  rock MSS, two 

cons t i t u t ive  r e l a t i o n s  introduced by B i o t  (1941) have been used. In  

i 

Darcy's l a w  for f l o w  through porous rock and the  paral le l  

I n  order  to provide an i n t e r r e l a t i o n  

addi t ion,  an interconnection between f l o w  i n  fractures and i n  t h e  adjacent  

porous rocks w a s  developed by wri t ing  mass balance re la t ions .  

A f i n i t e  element numerical procedure was adopted i n  t h i s  ana lys i s  

because obtaining a n a l y t i c a l  so lu t ions  for stress and f l o w  problems i n  

porous rock masses with complicated geometries and boundary condi t ions 

is a d i f f i c u l t ,  i f  n o t  impossible, task. Through proper use of ca lcu lus  

of var ia t ions ,  t he  governing equations and boundary conditions are 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--thu so lu t ion  of which gives  f l u i d  

pressure and s t r u c t u r a l  displacements at a l l  nodal po in ts  specified w i t h i n .  

t he  region uiirder inves t iga t ion .  

The appl icat ion of f i n i t e  element procedures i n  t h i s  study has been 

quite advantageous. 

region and has of fe red  freedom t o  descr ibe the geometry i n  two dimensions. 

The use of two-dimensional isoparametric e1e:nents for def ining the porous 

medium and one-dimensional isoparametric elements which dcf ine f r ac tu re  

segments has f u r t h e r  contr ibuted t o  t h e  e f f i c i ency  of t h e  numerical 

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

enables one to obtain stresses and floxs within each element vcry 

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

I t  has provided f l e x i b i l i t y  i n  d i sc re t i za t ion  of the 

The present  numerical development has  also proved t o  be capable of 

handling a w i d e  range of problems f r o m  s teady-state  flow under s ta t ic  

equilibrium conditions t o  t r a n s i e n t  f l o w  under quas i - s t a t i c  equi l ibr ium 

conditions. 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 .  The pressure or flux source 

may be located i n  t h e  porous m e d i u m  and i ts  boundaries, i n  a fracture 

segment or a t  the  i n t e r s e c t i o n  of f r ac tu res .  

nonintersecting sets of f r a c t u r e s  can be incorporated i n t o  t h e  region 

under study. 

I n  addi t ion,  i s o l a t e d  or 

I n  the  ana lys i s  of r i g i d  f rac tured  systems simulated by t h e  p re sen 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  propor t iona l  t o  

the to ta l  length 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 .  This has  been 

shown f o r  either one or two f r ac tu res  that i n t e r s e c t  the w e l l .  
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The study of thc rcsponse of a deformable f r ac tu red  porous medium 

subject t o  f l u i d  withdrawal from a w e l l  i n t e r sec t ed  by the  fractures has 

revealed that the f r a c t u r e s  close more rap id ly  a t  e a r l y  t i m e ,  while a t  

la ter  t i m e  t.he rate of closing reduces due t o  t h e  subsequent prcssurc  

drop i n  t h e  porous medium. Such behavior is not  expected t o  occur i n  

f rac tures  i n  impermeable systems where the  deformations w i l l  continue with 

fu r the r  changes i n  f l u i d  pressure. 

The nonlinear behavior of j o i n t s  i n  f rac tured  sys tems during f l u i d  

flow w i t h  changing stress can be s t u d i e d  more quan t i t a t ive ly  using the 

present mcthod. 

var i a t ion  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  pressure. 

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 

It should bc poss ib le  t o  use t h i s  approach t o  obta in  the  

Fluid i n j e c t i o n  

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

system is  subject t o  s m a l l  i n i t i a l  compressive stresses w i l l  t he  fracture 

network be more suscep t ib l e  t o  a reduct ion i n  s t i f f n e s s .  

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

approximated by logarithmic functions.  

The v a r i a t i o n  

Although the  p re sen t  method is able t o  handle a wide range of f l o w  

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

method should be kept  i n  mind. 

this study can be used , fo r  cases i n  which g r a v i t a t i o n a l  acce lera t ion  is 

negl igible .  

b l e m s  where the  aqui fe r  thickness  is very small compared to  t h e  height  of 

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

This assumption is v a l i d  i n  m o s t  r e se rvo i r  engineering pro- 

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

t h e  program t o  account f o r t h e  inf luence of gravi ty .  

t h a t  changes in both t h e  f l o w  and stress f ie lds  take place a t  constant  

A l s o  it is  assumed 

temperature. 
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Appl icabf l i ty  of t h e  present  method depends on the  a v a i l a b i l i t y  of 

The geometry of the system geological information on rock m a s s  s t ruc tu res .  

including t h e  length,  o r i en ta t ion ,  and i n i k i a l  fracture aper ture  openings 

should be known. The fact t h a t  these da t a  are not e a s i l y  accessible for 

rock mass strirctures at depth f u r t h e r  restricts' 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 ec t ed  the  a t t e n t i o n  of some inves t iga to r s  towards 

s t a t i s t i c a l  approaches. 

It should be emphasized that understanding t h e  behavior of f rac tured  

rock masses unckr the  combined e f f e c t s  of flow and stress is a complicated 

process. 

step toward handling t h i s  problem. 

if one is concerned wi th  the f l o w  of hea t  i n  such systems. However, the  

The numerical method developed i n  t h i s  work represents  a f i rs t  

Further  complications .can be expected 

I present  work may be he lp fu l  i n  suggesting a possible approach t o  non- 

isothermal problems assoc ia ted  with f rac tured  rocks. 

&tension of the  p re sen t  inves t iga t ion  i n  f u t u r e  work by o the r s  is 

recommended i n  such areas as: 

(A) Development and appl ica t ion  of new f r a c t u r e  models t h a t  can 

help one t o  simulate 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) Further genera l iza t ion  of t h e  p re sen t  computer program t o  

include an option for the so lu t ion  of coupl.ed stress and hea t  conduction 

problems i n  rock masses. 

cons t i t u t ive  equations and t h e  appl ica t ion  of real is t ic  thermo-mechanical 

material prorcrties. 

Such modification w i l l  r equi re  new sets of 

(C )  I f  t h e  present  method is  to  be used as a practical tool rather 

than remaining as a pure ly  idea l i zed  simulation technique, it should be 

applied t o  field problems where real is t ic  phys ica l  data can be obtained 

on the behavjcr of rock masses, 
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