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Supervisor:  Mukul M. Sharma 

 

 
 The production or injection of fluids in reservoirs results in a 

redistribution of stresses. Field evidence based on fracture mapping in tight gas 

sands and micro-seismic monitoring in water-flooded reservoirs demonstrate this 

effect. In this study, the extent of stress reorientation has been calculated for 

fractured and un-fractured producers and injectors and the results have been 

analyzed for their impact on re-fracturing operations.  

It is shown that fractures tend to reorient themselves away from injection 

wells and toward production wells. For previously fractured wells, it is possible to 

create a secondary fracture that is perpendicular to the first fracture. The 

secondary orthogonal fracture can be created only within a certain time window 

that in turn depends on the reservoir properties and operating conditions. 

For of horizontal wells, the maximum stress trajectories tend to align 

along the injection well and across the production well. The extent of stress 

reorientation varies depending on the injection rates, reservoir pressure, 

production rates, in-situ stress contrast and distance between wells. One decisive 
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factor in stress reorientation around horizontal wells is the orientation of the wells 

with respect to the in-situ maximum/minimum stress. Reorientation scenarios 

commonly faced in different well patterns such as line drive, staggered line drive, 

five spot, seven spot etc. have been analyzed for various possible field 

applications.   

A procedure for the selection of candidate wells for refracturing, that will 

improve the odds of a successful treatment is proposed. This study presents 

guidelines based on a poro-elastic model that allow an operator to (a) select 

candidate wells (b) choose the timing of the re-fracture operation in the life of the 

well, and (c) suggest a design for the re-fracture treatment that will result in the 

best chance of success. 
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CHAPTER 1 : PROBLEM STATEMENT AND LITERATURE 
REVIEW  

OBJECTIVE AND SCOPE OF STUDY  

 In-situ stresses in reservoir have a large influence on several aspects of 

reservoir development such as hydraulic fracturing and growth of injection well 

fractures. This thesis quantifies changes to these in-situ stresses induced by fluid 

injection or production. 

Re-fracture treatments are often applied in wells that have previously been 

fractured. The performance of these treatments has been observed to be highly 

variable with some wells underperforming while others are restored to initial 

production rates. A procedure for the selection of candidate wells that will 

improve the odds of a successful treatment is needed. Field evidence based on 

fracture mapping in tight gas sands and micro-seismic monitoring in water-

flooded reservoirs has demonstrated that reorientation of stresses is one most 

important factors that explains the varying direction of fractures in the reservoir 

and thus its impact on success/failure of refracturing treatments.  

The production or injection of fluids in reservoirs results in a 

redistribution of stresses. The objective of this study is to calculate the extent of 

stress reorientation fractured and un-fractured producers and injectors. This study 

provides guidelines based on a poro-elastic model that allow an operator to (a) 

select candidate wells (b) choose the timing of the re-fracture operation in the life 

of the well, and (c) suggest a design for the re-fracture treatment that will result in 

the best chance of success. 

 Waterflooding applications increasingly use horizontal wells for long term 

water injection. This results in the creation of fractures that grow over time. The 



 

2 
 

effect of fractures in horizontal wells on reservoir sweep and on problems such as 

early water break through is controlled by stress reorientation. A systematic study 

of stress reorientation around horizontal wells and well patterns will allow an 

operator to choose appropriate operating condition to avoid early water 

breakthrough and achieve better reservoir sweep and also help improve the design 

of multiple fractures in a single horizontal well. The poro-elastic model for 

horizontal wells presented here explains the phenomena of stress reorientation 

around horizontal wells leading to consistent rules of thumb for seemingly 

variable re-orientation scenarios. 

 

REVIEW OF POROELASTIC THEORY  

                Geomechanics finds many important applications in the process of 

producing oil and gas like well bore stability, hydraulic fracturing, production 

induced subsidence and frac-packing. These applications are fundamentally 

different from many other rock mechanics problems commonly faced in mining 

engineering and civil engineering because of the fluid flow in the pore space of 

rocks. The best way of incorporating the fluid flow effect in rock mechanics 

calculations is presented by Biot [Biot, M. A., 1941]. This study explores the 

orientation of fractures around injection and production wells in the light of Biot’s 

theory. All the calculations in this study have been performed using ‘FLAC’ a 

software environment that allows poroelastic calculations to be set up and 

performed within its framework. Poroelastic calculations in this study use only 

isothermal, linear poroelastic theory from the conventional porous fluid-flow 

modeling point of view. Equations for the poroelastic stresses around a bore hole 

have been presented just to help with understanding the phenomena but 

calculations of this study are based on a more general formulation. This chapter 
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includes concepts of numerical stability while implementing Biot’s theory in 

FLAC. Additional details of some concepts can be found in the FLAC Technical 

Documentation.  

Terzaghi proposed a theory for coupling fluid flow with geo-mechanics 

for a one-dimensional case of sand consolidation in response to changes in pore 

pressure [Terzaghi, 1940]. Biot extended Terzaghi’s poroelastic theory to include 

features like transient effects and three dimensions. [Biot, M. A., 1941; Biot, M. 

A., 1955; Biot, M. A., 1956]. Biot’s theory is the most complete treatment that 

captures the link between the mechanics of the rock matrix and fluid flow in the 

pore space.  

 
Derivation of the Constitutive Law for Poroelastic Systems: 
 
The Biot formulation of the constitutive equation for a liquid filled porous 

material is based on two basic assumptions.  

1. Linearity between stress and strain 

 ( )1V
p

V K
σ α∆ = − −  (0.1) 

 
1

( )
P

P P

V
p

V K
σ β∆ = − −

 (0.2) 

Above equations can be re-written as  

 

 
's

V p

V K K

σ∆ = − −  (0.3) 

 
''

P

P P s

V p

V K K

σ∆ = − −  (0.4) 

 

2. Reversibility of the deformation process. It means that no energy is 

dissipated during a closed loading cycle. 
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 ij i j ij ijdW pd d dpσ ε ζ ε σ ζ+= + =  

 ij

ijp

ε ζ
σ

∂ ∂=
∂ ∂

  

 
p

p

V V

p σ σ

∂ ∂
=

∂ ∂

   
  
  

 (0.5) 

 

 
p

p

V V

K K

α  = − 
 

 

 
p

p
K V

K
Vα
 =  
 

 

 p
K

K
φ
α

=  

 

We have assumed that the pore space of the porous material is completely filled 

by fluid, therefore, the pore volume change is equal to the change of fluid volume 

trapped in the pore space i.e. p fV V∆ = ∆ . The variation of fluid content fV∆  is 

actually the sum of two components, 

 ( ) ( )f f f
I II

V V V∆ = +∆ ∆  (0.6) 

( )f
I

V∆ is the component associated with the compression or dilation of the 

interstitial fluid. Introducing the bulk modulus of fluid, Kf 

 
( )f

I

f

V P

Vf K

∆
= −  (0.7) 
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( )f
II

V∆ is the component associated with the fluid exchange between the sample 

of porous material and the outside. Thus, ( )f
II

V∆ is actually related to variations 

of the fluid content, ζ . 

 
( ) ( )f f

II II

f

V V

V V

φ
ζ

∆ ∆
= =  (0.8) 

 

From equation 1.6, 1.7 and 1.8 

 
( ) ( )f fp f I II

p f f f

V VV V p

V V V K

ζ
φ

+∆ ∆∆ ∆= = = −  (0.9) 

Equating 
p

p

V

V

∆
from equation 1.9 and 1.4 

 
1 1

''P s f
p

K K K

σζ φ  = − − −  
  

 

 
P

p

K B

φζ σ = − 
 

 

 
p

K B

αζ σ = − − 
 

 (0.10) 

Where α  is Biot’s coefficient and K is the drained bulk modulus. Equation 1.1 

can be written as, 

 ( )1
p

K
ε σ α= − −  (0.11) 

  

Solving equation 1.11 and 1.10 to eliminate σ , 

 
1p

K B

αζ α αε = − + 
 

 (0.12) 
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As 1
'

u p p

u s f

K K K K
B

K K Kα
−= = − +   

  

1 1

'sK K

α−=  and  
2

Ku K
M

α
−=  

 

Equation 1.11 takes the form  

 
p

M
ζ αε= +  (0.13) 

Mathematical Formulation of Biot’s Theory 

The formulation of coupled fluid-mechanical processes is done within the 

framework of the quasi-static Biot theory that can be applied to problems 

involving single-phase Darcy flow in a porous medium. There are two underlying 

assumptions in Biot’s theory: the medium is a continuum; and both the solid and 

fluid phases are fully connected. Adopting the classical continuum approach, any 

quantity used in the theory is averaged over a length scale. This length scale, is 

supposed to be large with respect to the length scale of the microstructure, yet still 

small enough to allow for macro-scale material heterogeneity. 

 FLAC uses an explicit finite difference scheme to solve the equations 

discussed below. 

 

1. Darcy’s law 

2. Constitutive law for pore fluid response based on Biot’s theory 

3. Constitutive law for small strain elastic response of matrix 

4. Compatibility equation for matrix 

5. Force balance for matrix 

6. Mass balance for fluid 
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These equations are described below in more detail. 

Fluid transport equation (Darcy’s Law) 
 

 
( )w i i

i ij
j

d P x g
q k

dx

ρ−= −  (0.14) 

 

K ij is mobility coefficient tensor, xj is displacement vector and qi is the specific 

discharge vector.  P is pressure in the pores, wρ is fluid density, gi is the gravity 

vector. 

 
'i j

i j

k
k

µ
=  (0.15) 

 

k’ ij are the components of the permeability tensor and µ is fluid viscosity. 

Constitutive Laws 
Constitutive law in eq. 1.11 can be written as  

 
P

M
t t t

ζ εα∂ ∂ ∂ = − ∂ ∂ ∂ 
 (0.16) 

Where M is Biot’s modulus, α is Biot coefficient and ε  is the volumetric 

strain.   

 
( )(1 )

w

w

K
M

K

K
φ α φ α

=
 + − −  
 

 (0.17) 

Where K is the drained bulk modulus of the porous medium and Kw is the 

fluid bulk modulus. If compressibility of the grains is negligible compared to that 

of the drained bulk material then 1α = and we get, 
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 wK
M

φ
=  (0.18) 

The constitutive law for elastic materials can be written as following 

[FLAC user manual, 2005] 

 
2

2
3

ij ij kk
ij ij

P
G K G

t t t t

σ ε εα δ δ∂ ∂ ∂ ∂ + = + − ∂ ∂ ∂ ∂ 
 (0.19) 

Where ijσ  is the stress tensor, K is the bulk modulus and G is the shear 

modulus. Bulk modulus and shear modulus are related to Young’s modulus and 

Poisson’s ratio as follows 

   = (3K - 2G)/(6K + 2G)ν  (0.20) 

 E = 2G( 1 +  )ν  (0.21) 

 

Compatibility Equation: 

 
1

2

i j
ij

j i

u u

x x
ε ∂ ∂ = + ∂ ∂ 

 (0.22) 

This relation between strain and displacements arises as a result of rotational 

symmetry. 

Mass Balances (Conservation Laws): 
i. Mass balance for fluid: 

 
i

v
i

q
q

t x

ζ∂ ∂= − +
∂ ∂

 (0.23) 

Where ς  is the variation of fluid content (variation of fluid per unit volume of 

porous material) and qv is volumetric fluid source intensity. 

 

ii.  Momentum balance for solid:  

 ij duigixj dt
σ ρ ρ∂ + =∂  (0.24) 
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 (1 ) s wρ φ ρ ρ= − +  (0.25) 

Whereρ is the bulk density, sρ is the density of solid phase and wρ  is the density 

of the liquid phase.  

Biot’s Poroelastic Formulation 

Biot’s theory, commonly presented in the petroleum literature, has been 

used to describe the stress state around a borehole. Therefore, it will appropriate 

to review this formulation here. Though, it is worth mentioning here that this 

formulation is only for a single borehole (circular geometry) and can not be used 

for other geometries. The formulation used for this study, as described above, is 

more general and can be applied for any kind of geometry.   

It is assumed that the total stress in the rock (σij) can be explicitly divided 

into two parts, one part that is applied on the solid matrix (σij
s) and another that is 

applied on fluid inside the pore space (σ). The relationship between the stresses is,  

s
ij ij ijσ σ σδ= +                  (0.26) 

The total stress tensor in can be defined as, 

                               

xx xy xz

yx yy yz

zx zy zz

σ σ σ σ
σ σ σ σ
σ σ σ σ

 +
 

+ 
 + 

                          (0.27) 

 

If, p is the hydrostatic pressure of the fluid and φ  is porosity, 

pσ φ= −       (0.28) 

If the average displacement vector of the solid can be expressed by the 

components ux, uy, uz and that of the fluid is Ux, Uy, Uz,, the strain components is 

solid matrix and fluid will be: 

                                              ; ,yx x
xx xy

uu u
e e etc

x y z

∂∂ ∂= = +
∂ ∂ ∂
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                                              ; ,yx z
xx xy

UU U
etc

x y z
ε ε

∂∂ ∂= = +
∂ ∂ ∂

                        (0.29) 

  

If X, Y, and Z are body forces acting in the x, y and z directions, the 

equilibrium equations can be written as, 

                                       

( ) 0

( ) 0

( ) 0

xy xz
xx

yz yz
yy

zyzx
zz

X
x y z

Y
x y z

Z
x y z

σ σσ σ ρ

σ σ
σ σ ρ

σσ σ σ ρ

∂ ∂∂ + + + + =
∂ ∂ ∂
∂ ∂∂+ + + + =
∂ ∂ ∂

∂∂ ∂+ + + + =
∂ ∂ ∂

                      (0.30) 

Constitutive equations for the fluid-saturated medium can be written as, 

 

                                    

2 ; ;

2 ; ;

2 ; ;

xx xx yz yz

yy yy zx zx

zz zz xy xy

Ne Ae Q Ne

Ne Ae Q Ne

Ne Ae Q Ne

Qe R

σ ε σ
σ ε σ
σ ε σ
σ ε

= + + =

= + + =

= + + =

= +

                    (0.31) 

Where, the volumetric strain for the solid is xx yy zze e e e= + +  , and the volumetric 

strain for the fluid is xx yy zzε ε ε ε= + + . 

A generalized form of Darcy’s Law can be expressed as, 

( );

( );

( )

x x

y y

z z

b U u
x t

b U u
y t

b U u
z t

σ

σ

σ

∂ ∂= −
∂ ∂
∂ ∂= −
∂ ∂
∂ ∂= −
∂ ∂

                         (0.32) 

Where, 

k
b φ

µ
=                                       (0.33) 



 

11 
 

Substituting equations (0.31) into the equilibrium equations (0.30) and the 

flow equations (0.33),  

2 ( ) ( ) 0

( ) ( )

N u P N Q e Q R

Qe R b U u
t

ε

ε

∇ + − + ∇ + + ∇ =
∂∇ + = −
∂

r

         (0.34) 

Where  

2P A N= +          (0.35) 

From equation (0.31) 

                                        

2

2

2

2 ( ) ;

2 ( ) ;

2 ( ) ;

xx xx yz yz

yy yy zx zx

zz zz xy xy

Q Q
Ne A e Ne

R R

Q Q
Ne A e Ne

R R

Q Q
Ne A e Ne

R R

σ σ σ

σ σ σ

σ σ σ

= + − + =

= + − + =

= + − + =

           (0.36)                                                                                      

Substituting these relationships in the equilibrium equation, 

                             ( )2 2 ( ) / 0N u P N Q R e Q R R σ ∇ + − − ∇ + + ∇ = 
r

            (0.37) 

That is, 

   

2 2 2 2 2 2 2

2 2 2 2

2 2 2 2 2 2 2

2 2 2 2

2 2 2 2 2 2 2

2 2 2 2

( ) ( )( )

( ) ( )( )

( ) ( )( )

u u u Q u v w Q R
N A N

x y z R x x y x z R x

v v v Q u v w Q R
N A N

x y z R x y y y z R y

w w w Q u v w Q R
N A N

x y z R x z y z z R

σ

σ

σ

∂ ∂ ∂ ∂ ∂ ∂ + ∂+ + + + − + + = −
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂ ∂ + ∂+ + + + − + + = −
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
∂ ∂ ∂ ∂ ∂ ∂ + ∂+ + + + − + + = −
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂z

    (0.38) 

Where, 
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2

(1 )(1 2 )

2(1 )

( )f

f

Q Ev
A

R v v

E
N

v

Q C

R C

λ

α φ

φ

− = =
+ −

=
+

= −

=

                     (0.39) 

where,  

Cf   is compressibility of pore fluid,  

α is Biot’s constant 

E is Young’s modulus, 

 v is Poisson’s ratio,  

It is also useful to carefully define the concept of effective stress. The 

strain in poroelastic materials and the stress conditions for failure depend only on 

this effective stress.  

                                              s
ij ij ijσ σ σδ= +                        (0.40) 

 

In this case the effective stress is 

                                             ij ij ij pσ σ δ α′ = +                      (0.41) 

The above definition of effective stress has been used in this study. Many other 

researchers have taken different approaches to the concept of effective stress, but 

we will not involve any other definition in this study [Paslay and Cheatham, 1963; 

Lubinski, 1954]. 

The parameters and variables used in the theories described earlier are 

summarized below: 

A, N, Q, R, α Elastic constants in Biot’s model 

δ  Coefficient of unjacketed compressibility for a porous solid 

K  Coefficient of jacketed compressibility for a porous solid 
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β  Ratio of the bulk modulus of a porous solid to the bulk modulus of 

the material in the solid grains 

λ Lame coefficient for a porous solid 

µ Lame coefficient for a porous solid, shear modulus 

Ks  bulk modulus of the material in the solid grains 

φ  Porosity 

ijσ  Total stress in porous media 

σ  Force applied to fluid part of the bulk material, averaged over a 

unit area of mixture 

s
ijσ  Force applied to the solid part of the bulk material, averaged over a 

unit area of mixture 

P Pore pressure 

ijσ ′  Effective stress 

ije  A strain component in a porous solid 

e  Volumetric strain of a porous solid 

ε  The volumetric strain (dilation) for fluid 

 

This poroelastic theory is implemented on professional software FLAC. 

FLAC has been for all the numerical simulations of this thesis.  

NUMERICAL MODELING IN FLAC   

All the numerical simulations of this study have been performed on a 

finite difference package called ‘FLAC’. This section will provide a brief 

description of FLAC. This description will include equations that FLAC solves 

for a poroelastic simulation based on Biot’s theory, some details of explicit finite 

difference scheme and meshing, parameters, moduli, notations, units etc specially 
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the ones that are different from common practice. As this is the description of 

how FLAC works, it is based on the user manual of the software ‘FLAC’. 

The general calculation sequence embodied in FLAC is illustrated in 

Figure 1. Equations solved by FLAC for a poroelastic numerical simulation have 

been described above in the section ‘numerical model description’. The 

incremental displacements after every time step are added to the coordinates so 

that the grid moves and deforms with the material it represents. This is termed a 

“Lagrangian” formulation. Four different types of boundary conditions can be 

imposed on the fluid flow problem (1) constant pore pressure; (2) constant 

specific discharge; (3) leaky boundaries; and (4) impermeable boundaries (default 

condition). All the cases in the following chapters use the constant pressure 

boundary condition only.  

The permeability, k, used in FLAC calculations is actually the ratio of 

intrinsic permeability to fluid viscosity. It can be better described as the 

coefficient of the pore pressure term in Darcy’s law. It is also called a mobility 

coefficient.    

The property of “intrinsic permeability,” κ, (e.g., in m2) is related to k and kH as 

follows: 

 H

w

k
k k

g

µ µ
ρ

= =  (0.42) 

where µ is the dynamic viscosity (e.g., units of N-sec/m2). 

Using the values µ = 1.01×10-3 kg/(m-sec) for water the following conversions 

may be derived to calculate k in SI units for water in FLAC: 

k (in m2/(Pa-sec)) ≡ permeability in millidarcies × 9.9 × 10-13 
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Figure 1.1 Basic explicit calculation cycle for calculations in FLAC 

 

Biot Coefficient and Biot Modulus 

The Biot coefficient is defined as the ratio of the change in volume of fluid in the 

pore space to the total volume change of the pore space. It can be defined as, 

 1
s

K

K
α = −  (0.43) 

Where, K is the drained bulk modulus of the matrix, and Ks is the bulk modulus 

of the grains. For soils, 1/K >>> 1/Ks and therefore, Biot coefficient is equal to 1. 

Its range of variation is between 
3

2

φ
φ

 
 + 

and 1, where φ is the porosity.  

 
The Biot modulus, M, is defined as 

 
2

uK K
M

α
−=  (0.44) 
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Where, Ku is the undrained bulk modulus of the material. 

 

For an ideal porous material, the Biot modulus is related to the fluid bulk 

modulus, Kw, as follows: 

 
( )(1 ) /

w

w

K
M

K Kφ α φ α
=

+ − −
 (0.45) 

Where, n is the porosity. Thus, for an incompressible solid constituent (α = 1): 

 wK
M

φ
=  (0.46) 

Time Scales 

One needs to know the time scales of the processes involved in a 

calculation before solving a problem with FLAC. It is important to know the time 

scales and diffusivity before deciding the maximum grid extent, minimum grid 

size and time step.  If steady-state, fully saturated flow is required, the modulus M 

(or Kw) is unimportant to the numerical convergence process. From a numerical 

point of view, it is not necessary to use values of M (or Kw) that are larger than 

20 times (K +4/3G)/α2 in the simulation.  

 

Characteristic times of different processes are defined below. These 

definitions can be used to make important decisions about solving a problem with 

FLAC.  

The characteristic time for mechanical process is, 

 4/3u

m
c cK Gt Lρ

+=  (0.47) 

The characteristic time for the diffusion process is:  



 

17 
 

 
2

f c
c

L
t

c
=  (0.48) 

                                                       
k

c
S

=                                       (0.49) 

Ku  is undrained bulk modulus, 
G is the shear modulus,  

ρ is mass density,   

Lc is the characteristic length of mechanical problem, (i.e., the average dimension 

of the medium), 

Lc is the characteristic length of fluid problem (i.e., the average length of the flow 

path through the medium), 

c is the diffusivity,  

k  is mobility coefficient, 

S is storativity  

 

There are different forms of storativity that apply in FLAC, depending on the 

controlling process: 

1. Fluid storage: 

 

1

( 1)
w

S
M

if
K

φ α

=

= =
 (0.50) 

2. Elastic storage: 

 

21

4 / 3
1

( 1)
4 / 3w

S
M K G

if
K K G

α

φ α

= +
+

= + =
+

 (0.51) 

Where,  

φ is porosity,  
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Kw is the fluid bulk modulus,  

M is the Biot modulus,  

K is the drained bulk modulus,  

G is shear modulus,  

α is the Biot coefficient,  

ρw is fluid density,  

g is gravity and  

Lp is characteristic storage length (i.e., the average height of the medium available 

for fluid storage). 

For fluid-flow only calculations:  

 
( 1)w

c kM

K
k if α

φ

=

= =
 (0.52) 

For a coupled, saturated, deformation-diffusion calculation as defined from Eqs. 

(0.49) and (0.51) : 

 

21
4 / 3

( 1)
1
4 / 3w

k
c

M K G
k

if

K K G

α

αφ

=
+

+

= =
+

+

 (0.53) 

   

In the basic explicit method of solution, the timestep magnitude may thus 

be estimated from the formula obtained after substitution of Eq. (0.52) in Eq. 

(0.48), and using the smallest zone size, Lz, for Lc — i.e., 

 

2

2

min( )

min( ) ( 1)

z

z

w

L
t

kM

L
if

kK

φ α

∆ =

= =
 (0.54) 



 

19 
 

Using Eq. (0.48), we see that, to avoid any boundary effects in diffusion 

problems, the characteristic length, Lc, of the model must be larger than the 

dimension √cts , where ts is the maximum simulation time, and c is the controlling 

diffusivity. In turn, the minimum simulation time is controlled by the relation, 

tmin > Lz2c. 

 

For a coupled elastic-fluid flow calculation, the true diffusivity depends on 

the ratio of the stiffness of the fluid to the stiffness of the matrix. It is defined as 

stiffness ratio Rk. 

 

2

4 / 3
/

( 1)
4 / 3

k

w

M
R

K G
K

if
K G

α

φ α

=
+

= =
+

 (0.55) 

With this definition for Rk, Eq. (0.53) may be expressed in the following two 

forms: 

 

1

1

1
( 1)

1

k

w

k

c kM
R

K
k if

R
α

φ

=
+

= =
+

 (0.56) 

 

And 

 

2

4 1
( )

13 1

4 1
( ) ( 1)

13 1

K

k

k
c K G

R

k K G if

R

α

α

= +
+

= + =
+

 (0.57) 

In order to increase the timestep without affecting the true diffusivity 

significantly, Eq. (0.57) indicates that it is not computationally necessary to use a 
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value of M larger than roughly 20 times (K +4G/3)/α2 (i.e., a value of Rk much 

larger than 20). It should be mentioned that that M can not be made higher than 

the physical value (like Kw = 2 G Pa for water). 

Coupled Flow and Geomechanics in FLAC 

A fully coupled fluid flow-mechanical numerical simulation is very time 

consuming.  It is possible to do a certain level of uncoupling to simplify the 

simulation and reduce the calculation time. Settari and Walters reviewed and 

categorized different methods for coupling the stress field with the pore pressure 

field [Settari and Walters, 1999]. The method of coupling affects the accuracy of 

the solution as well as the computational efficiency [Dean et al, 2003]. The FLAC 

help manual puts it this way: 

“Starting from a state of mechanical equilibrium, a coupled 

hydromechanical static simulation using the basic scheme in FLAC 

involves a series of steps. Each step includes one or more flow steps (flow 

loop), followed by enough mechanical steps (mechanical loop) to maintain 

quasi-static equilibrium. The increment of pore pressure due to fluid flow is 

evaluated in the flow loop; the contribution from volumetric strain is 

evaluated in the mechanical loop as a zone value which is then distributed 

to the nodes. The total stress correction due to pore pressure change arising 

from mechanical volume strain is performed in the mechanical loop, and 

that arising from fluid flow in the flow loop. The total value of the pore 

pressure is used to evaluate effective stresses and detect failure in plastic 

materials.” 

 

The decision that uncoupling can be done or not is dependent on many 

factors. First and the most important one is the drive mechanism. All problems of 
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this study are pore pressure driven problems and that supports the chances of 

uncoupled analysis. The second factor is comparative values of ts and tc. If ts << tc, 

fluid does not have enough time to move and the problem can be solved as an 

undrained problem. On the other hand if ts >> tc, the problem can be solved in 

uncoupled mode. Relative stiffness also plays an important role in deciding the 

modeling approach. If Rk <<1, fluid flow controls the diffusivity and the problem 

can be solved in uncoupled mode. If Rk >>1, diffusivity is governed by the matrix 

and there is only a certain window of conditions when the problem can be 

uncoupled.  

 FLAC provides option keys for coupled or uncoupled analysis. All the 

problems that fall under the scope of this study are pore pressure driven problems. 

Therefore, it is possible to get accurate results by an uncoupled analysis. A test 

problem was run to test the idea that coupled and uncoupled simulations will 

show good agreement for pore pressure driven problems. The problem is 

described as Case 2.1.1 in Chapter 2. A comparison of pore pressure profiles and 

stress reorientation angle obtained by coupled and uncoupled analysis is shown in 

Figure 2. Results of coupled and uncoupled analysis are in good agreement.  
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Figure 1.2: Comparison of pressure profiles obtained by coupled and uncoupled simulation 
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Figure 1.3 Comparison of stress reorientation angles obtained by coupled and uncoupled 

simulation 
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CHAPTER 2 : STRESS REORIENTATION AROUND A 
BOREHOLE 

 

The objective of this study is to calculate and analyze the reorientation of 

stresses around production and injection wells. 

L ITERATURE REVIEW  

In-situ stress orientation determines fracture orientation. Flow induced 

stresses can cause redistribution of stresses that can lead to their reorientation. 

After a certain time of production from, or injection into a well, stresses around 

the well can reorient.  Changes in in-situ stress are believed to be responsible for 

some common reservoir/well problems such as sand production, wellbore 

collapse, and the opening/closure of fractures and faults. Pore pressure change 

due to production or injection is one of the primary causes of changes in reservoir 

stress. This change causes a redistribution of stresses, which includes 

reorientation of local principal stresses [Hidayati, 2001].  This chapter analyzes 

reorientation of stress around both production and injection wells where flow is 

occurring in a radial geometry. 

Flow Induced Stress Reorientation 

A pressure gradient in the fluid inside the pore space of any porous 

medium (rock or soil) induces a stress on the medium’s matrix. This stress is 

described by Biot’s theory of poroelasticity. Such stresses are referred to as flow 

induced stresses or poroelastic stresses. During the course of production from, or 
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injection into a well, these flow induced stresses form a significant component of 

the overall stress.  Field evidence of this has been provided in the past by fracture-

mapping during refracturing treatments in tight gas sands and by micro-seismic 

surveys of injection wells in water flooded reservoirs [Wright et al 1994a, 1994b, 

1995a, 1995b, 1995c, 1999].  An important associated effect is rock-compaction 

where the withdrawal of fluid and the resulting reduction in pore pressure can 

give rise to a large increase in effective stress resulting in significant reductions in 

porosity and permeability and in some cases subsidence being observed all the 

way to the surface. 

Warpinski and Branagan (1989) proposed that a favorable stress 

distribution resulting from stress reorientation can be used to create a desired 

fracture orientation. The process is referred to as altered stress fracturing. Palmer 

(1993) elaborated on the process of altered-stress fracturing with emphasis on the 

application to coal bed methane reservoirs.  Wright and Conant (1995) reported 

that fractures in primary recovery start and propagate at angles of 30° − 60° to the 

initial hydraulic fractures, while infill hydraulic fractures in secondary recovery 

start and propagate at angles greater than 60° to the original fracture orientation. 

Elbel (1993, 1998, 2000) presented a fracture reorientation theory and applied the 

same to tight gas wells. 

 

Field Observations and Lab Experiments 

Bouteca et al [1983] provided an analytical solution combined with 

laboratory experiments and field measurements of fracture direction control by 
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injection-induced stress reorientation. Bruno and Nakagawa [1991] also 

conducted laboratory experiments and showed that fractures tend to propagate 

towards regions of higher local pore pressure i.e. towards injection wells. 

Fracture re-stimulations in the naturally fractured Barnett shale, north of 

Fort Worth, Texas, are also an example of fracture reorientation. These treatments 

were monitored with an array of surface and subsurface tiltmeters [Fisher et. al., 

2002]. The results suggest significant fracture reorientation in one well and 

oblique reorientation in another well. Post-treatment production increased 

substantially in both wells. Other refractured wells in the area had similar 

increases. Reservoir depletion combined with natural fractures can cause 

development of complex fracture “networks” during initial treatments and re-

stimulations. 

Field studies, using micro-seismic monitoring, presented by Wright et al 

[Wright, 1995; Wright, 1994; Weijers 1992] provided confirmation that fracture 

reorientation does indeed occur in certain fields. The type (fracture azimuth 

and/or dip) as well as the magnitude of fracture reorientation observed is seen to 

be variable. Fracture reorientation was observed in both the Lost Hills diatomite 

and in the Austin Chalk [Wright 1995]. They state that the source of the observed 

stress (fracture orientation) changes is production depletion. Fluid production 

from a reservoir results in a depletion of the reservoir pressure and an 

establishment of pore pressure gradients in the reservoir, which in turn alters the 

stress state in the reservoir through poroelastic coupling. 
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Analytical Solutions 

Siebrits and Elbel (1998) provided an analytical solution of stress 

reorientation by fluid injection. The principal results of this study can be 

summarized as follows. First, a fracture propagating along a path, initially 

midway between an injection and a pumping well, will always be deviated by the 

injection well due to the shear stress induced by fluid injection and pumping. 

Second, the injection well acts as an attractor of hydraulic fractures propagating 

within its “attraction basin”. The fracture will propagate toward the injection well 

rather than simply be deviated by it. Third, fracture deviation and attraction 

towards the injection well appears to be primarily controlled by only two 

dimensionless quantities: *σπ oS= the ratio of the stress deviator (contrast) at 

infinity over the characteristic stress σ* associated with injection and pumping of 

fluid; and 24 Lct=τ dimensionless time (where c is the hydraulic diffusivity and L 

is the half-distance between the two wells).   

Zhai (2007) and Zhai and Sharma (2007) used poroelastic stresses around 

unfractured wells to develop analytical solutions for the stress reorientation 

induced by fluid injection or production. He superposed the stresses due to well 

bore pressure with in-situ stresses to derive analytical expressions for the angle of 

reorientation. The effective stresses due to the in-situ horizontal stresses can be 

obtained analytically, 
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The radial stress induced by the wellbore pressure and fluid flow is as follows: 
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The tangential stress is: 
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Where, θp is the stress reorientation angle. Shear stresses and the poroelastic 

stress terms are small in the near wellbore region (r/rw 2≤ ), so θp is close to –π/2 

(or 0, if the wellbore pressure is larger than the in-situ stresses), which means the 

maximum principal stresses are tangent to the wellbore (θ +θp = θ - π/2). In the 

region where r ≥ 10 rw , the principal angle can be approximated as, 

 
( )sin 2

2
(1 2 ) 2

[ [ ( , )] ( , )] ( )cos2
2(1 )

xx yy
Tan p v r rp r t dr p r tf f xx yyrv wr

σ σ θ
θ

σ σ θ

− −
= − − + −∫−

 

From the model equations we know that the shear stress σrθ is always negative 

and do not change with time. Since (σ’ρρinitial−σ’ θθinitial) is always positive, we can 

see that initially θp is always negative. If there are no pore pressure gradients, the 

value of θp is almost equal to the value of θ  in the region away from the wellbore, 

which means that the principal stress (θ + θp = 0) points in the maximum in-situ 

horizontal stress direction. When pore pressure gradients are included, the 

difference in the poroelastic stress term  (σ’ρρporo−σ’ θθporo)  is not zero anymore. It 

is a positive term for injection wells, so that the value of θp decreases (θ +θp ≥  0) 

and the principal stresses reorient toward the injection well. 

For a production well, the difference in poroelastic stresses 

(σ’ ρρporo−σ’ θθporo)   is negative. Therefore, the value of θp increases (θ +θp ≤  0) 

and the principal stresses reorient away from the production well. The degree of 

stress reorientation is related to the stress contrast (σxx−σyy)   and the poroelastic 

stress term. The larger the stress contrast is, the harder it is for the poroelastic 

stress to change the stress orientation.  



 

31 
 

 

Parametric Sensitivity 

In the region away from the wellbore, wellbore pressure has a small effect 

on the principal stress direction. The in-situ stresses tend to make the principal 

stresses point in the direction of the maximum horizontal in-situ stress direction. 

The poroelastic stresses are either normal-outward from the wellbore (injection 

well) or normal-inward towards the wellbore (production well). The interaction of 

the poroelastic stresses and in-situ stresses causes the principal stresses to reorient 

themselves away from the injection wells and towards production wells. 

The larger the difference in in-situ stresses, the harder it is for the 

poroelastic stresses to reorient the principal stress away from the maximum 

horizontal stress direction. Increasing the pore pressure gradient increases the 

stress deviation angle. 

Smaller Poisson’s ratio values cause larger poroelastic stresses for the 

same pore pressure gradient, so the smaller the Poisson’s ratio is, that larger the 

stress deviation angle [Zhai, 2007]. 
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STATEMENT OF PROBLEM  

 

Figure 2.1 Illustration of the problem including wellbore pressure, and in-situ stresses. 

The figure above shows a well bore with prescribed initial and boundary 

conditions for stress and pressure. It can be either a production well or an 

injection well and the corresponding initial and boundary conditions are as 

follows:  

Initial stress in X direction = xxσ  

Initial stress in Y direction = yyσ  

Initial stress in Z direction =zzσ  

Initial pore pressure in the formation = P0 

Normal stress at y=y0 (outer boundary) = yyσ  
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Normal stress at x=x0 (outer boundary) = xxσ  

Pressure at well bore (r=rw) = Pw 

 

MODEL  FORMULATION  

The formulation of the coupled fluid-solid mechanics problem is done 

within the framework of the quasi-static Biot theory that can be applied to 

problems involving single-phase Darcy flow in a porous medium.  The model 

incorporates the following equations: 

1. Darcy’s law 

2. Constitutive law for pore fluid response based on Biot’s theory 

3. Constitutive law for small strain elastic response of matrix 

4. Compatibility equation for matrix 

5. Force balance for matrix 

6. Mass balance for fluid 

These equations are described below in more detail. 

 

 Fluid Transport Equation (Darcy’s Law) 
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i ij
j

d P x g
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dx
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kij is the mobility coefficient tensor, xj is displacement vector and qi is fluid flux 

vector.  P is pressure in the pores, wρ is fluid density, gi is the gravity vector. 

 
'i j

i j

k
k

µ
=  (0.65) 

k’ ij is permeability tensor and µ is fluid viscosity. 

 

Constitutive Laws 

Constitutive Law based on Biot theory:  

    

 
P

M
t t t

ζ εα∂ ∂ ∂ = − ∂ ∂ ∂ 
 (0.66) 

Where M is Biot modulus, α is the Biot coefficient and ε  is the 

volumetric strain.   
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 (0.67) 

Where K is the drained bulk modulus of the porous medium and Kw is the 

fluid bulk modulus. If compressibility of the grains is negligible compared to that 

of the drained bulk material then 1α = and we get  

 wK
M

n
=  (0.68) 

A constitutive Law based on an elastic mechanical description of the 

material is: 
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Where ijσ  is the stress tensor, K is the bulk modulus and G is the shear 

modulus. The bulk modulus and shear modulus are related to Young’s modulus 

and Poisson’s ratio as follows 

   = (3K - 2G)/(6K + 2G)ν  (0.70) 

 E = 2G( 1 +  )ν  (0.71) 

 

Compatibility Equation:  

 
1

2

i j
ij

j i

u u

x x
ε ∂ ∂ = + ∂ ∂ 

 (0.72) 

Balance Laws: 

i. The mass balance for fluid can be written as: 

 
i

v
i

q
q

t x

ζ∂ ∂= − +
∂ ∂

 (0.73) 

Where ς  is the variation of fluid content (variation of fluid per unit volume of 

porous material) and qv is volumetric fluid source intensity. 

 

ii.  The momentum balance for solid can be written as:  

 ij duigixj dt
σ ρ ρ∂ + =∂  (0.74) 

 (1 ) s wnρ ρ ρ= − +  (0.75) 

Whereρ is the solid bulk density,sρ is density of solid phase and wρ  is density of 

liquid phase.  
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 NUMERICAL MODEL  

A professional numerical simulation software FLAC has been used for the  

analysis. It uses an explicit finite difference method to obtain a numerical 

solution. The plane strain assumption is made. More details about FLAC are 

given in Chapter one. For this problem a radial co-ordinate system is used near 

the well bore and a Cartesian co-ordinate system is used away from the wellbore. 

For that reason a grid is adopted that fits into both these requirements (Fig. 57). 

The problem is solved in uncoupled mode  

Verification of Numerical Results 

To verify the software and our understanding of the phenomena we solve an 

undrained well bore simulation problem for which an analytical solution is 

available. The specifications of the problem are as follows. 

. 

 

 
Table 2-1. Specifications of the verification problem 

Well bore radius 1m 

 

Well bore pressure 47 MPa 

Pore pressure  47 MPa 

Shear Modulus 2.8 X 109 Pa 
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Bulk Modulus 23.9 X 109 Pa 

Density 25000 kg/m3 

xxσ  30 X 106  Pa 

yyσ  30 X 106Pa 

 
 

An analytical solution of the problem is given by, 
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 (0.78) 

 

A comparison of the numerical and analytical solutions is shown in Figure 

49. As we go away from the well bore, radial stress increases and tangential stress 

decreases. In the figure, the numerical solution compares well with the analytical 

solution. The angular stress decreases away from the wellbore and the radial 

stress increases going away from the wellbore.  
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 RESULTS AND ANALYSIS  

Results of six different cases are presented here. Three cases – Case 2.1.1, 

Case 2.1.2 and Case 2.1.3 - are for production wells and three others – Case 2.2.1, 

Case 2.2.2 and Case 2.2.3 - are for injection wells.    

For each case four types of plots are generated. 

• Plot of the Effective Stress Tensor: 

These plots are presented to show the magnitude and orientation of the 

maximum and minimum stresses near and far from the wellbore. These 

plots represent the stress tensor by two perpendicular lines.  The shorter 

line of the two represents effective minimum principal stress and the 

longer one represents the effective maximum principal stress. The 

orientation of these lines is the orientation of the stresses. The length of 

the line is proportional to the magnitude of the stress. The blue lines 

indicate that the effective stress is compressive and red lines or arrows 

indicate that the effective stress is tangential. 

• Isostress Plots of Maximum Stress: 

Another type of plot used here is the iso-stress plot for maximum 

stress. These plots show the lines of effective maximum principal 

stress. At any point on these curves, the direction of effective 

maximum principal stress is tangential to the curve at that point. There 

is no color code on these curves. 

• Pore Pressure Contours: 
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The third type of plots are pore pressure contour plots. These plots 

show the pressure in the reservoir by colored contours. These plots 

may help the reader to understand how pressure profiles or pressure 

gradients relate to reorientation of the maximum effective stress. 

• Stress Reorientation Angle Contours: 

 These plots quantify how much reorientation is occurring in different 

parts of the reservoir. Some plots with reorientation angle profiles 

have also been presented. All of them are at 450 from in-situ principal 

stress directions. In all cases presented in this study, the direction of 

the initial or in-situ maximum principal stress is vertical. 

The results for the various cases are as follows: 

Production Wells: 

There are three cases dealing with production wells. The effect of initial stress 

contrast, well bore pressure and permeability are shown through these cases. 

• Case 2.1.1: Base Case 
It is observed that in the near wellbore region, pore pressure gradients play a 

dominant role. It is observed that all stresses in the near well bore region and far 

field are compressive for a production well (Fig. 2). Stresses near the well bore 

are oriented in a tangential and radial direction (relative to the well bore). Going 

away from the well bore the stress direction changes from tangential to vertical or 

near vertical (the direction of the in-situ stress direction). This change can be 

observed in all cases with a tensor (cross) plot or the maximum stress trajectory 

plot (Fig 2, 3 and 4). Away from the well bore, well bore pressure has only a 

small effect on stress reorientation and the observed reorientation is solely 

because of poroelastic stresses. In a production well, stresses reorient in such a 
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way that the direction of maximum stress goes away from the well bore (Fig. 5 

and 6). The magnitude of reorientation varies from zero to 850 near the wellbore 

region. Such large reorientation is because of the hoop stress or because of the 

wellbore pressure. In the near wellbore region, reorientation is minimum in the 

direction of the minimum in-situ stress direction and reorientation is maximum in 

the direction of maximum principal stress. In the plot it can be seen that 

reorientation is minimum at the X-axis or horizontal region and it increases up to 

850 close to the Y-axis. In the region away from the wellbore or in the far-field 

region, stress reorientation is maximum at 450 from the in-situ principal stress 

directions. The reorientation decreases away from the wellbore. Regions near the 

simulation boundaries shows reorientation in the range of 10. This is consistent 

with the findings of other numerical , analytical  and field studies [Wright and 

Conant, 1995; Warpinski and Branagan, 1989; Palmer, 1993; Siebrits and Elbel, 

1998; Zhai, 2007; Zhai and Sharma, 2007]  

 

• Case 2.1.2: Effect of Pore Pressure 

Case 2.1.2 demonstrates the effect of pore pressure on stress reorientation 

(Fig. 9 to Fig. 16). Formation pore pressure in this case is less as compared to 

Case 2.1.1. This effectively decreases the difference between well bore pressure 

and formation pore pressure. Plots for this case clearly show that reorientation 

decreases because of a decrease in pore pressure gradients. It should be noticed 

that the direction of stresses near the well bore are still radial because in this 

region the direction of stresses are dominated by the well bore pressure.   

• Case 2.1.3: Effect of Stress Contrast 
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Case 2.1.3 shows the effect of in situ stress contrast on the stress 

reorientation (Fig. 17 to 24). In this case, the difference between the maximum 

and minimum in-situ stress is reduced as compared to Case 2.1.1. It is seen that 

the reorientation of stresses has increased with a decrease in the in-situ stress 

contrast. Figure 50 demonstrates the effect of pore pressure and the effect of stress 

contrast. Stress reorientation increases with decreased stress contrast and stress 

reorientation decreases with decreased pore pressure. This is consistent with the 

results of Hidayati and Chen 2001 (Fig 51).  

 

Injection Wells: 

The following three cases deal with injection wells. 

• Case 2.2.1: Base Case 

 The first difference between the stress state around a production well and 

an injection well is that a production well has all compressive stresses around it 

while injection well has some tangential stresses near the well bore (Fig. 25 to 

32).  When the tensile stresses around the well bore are more than the tensile 

strength of the rock, it fails resulting in a fracture. The principal stresses are now 

oriented toward the wellbore far away from the wellbore. 

• Case 2.2.2: Effect of Injection Pressure 

Case 2.2.2 demonstrates the effect of pore pressure on stress reorientation 

around the injection well (Fig. 33 to 40). As the injection pressure is increased, 

reorientation increases. Tensile stress around the well bore also increases. This 

suggests the possibility of tensile failure at more points.  

• Case 2.2.3: Effect of Stress Contrast 
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Case 2.2.3 shows the effect of stress contrast on the reorientation of 

stresses (Fig. 41 to Fig. 48). It is observed that reorientation of stresses is 

increased as the stress contrast is decreased.  

Fig.52 demonstrates the effect of pore pressure and stress contrast on 

stress reorientation around an injection well. It is observed that stress reorientation 

around an injection well increase as injection pressure in increased or in-situ 

stress contrast is decreased. Fig.58 and Fig.59 show the comparison of analytical 

and numerical methods for stress reorientation around production and injection 

well respectively. The results obtained by two ways agrees reasonably well. 

 

All the above results agree with the results of other researchers [Wright 

and Conant, 1995; Hidayati and Chen, 2001; Palmer, 1993; Siebrits and Elbel, 

1998; Zhai, 2007; Zhai and Sharma, 2007]. In all production wells the trajectory 

of maximum principal stress goes away from the well bore and in all injection 

cases the trajectory of maximum principal stress is reoriented toward the well 

bore. It can be concluded that an existing fracture will grow towards an injection 

well and will grow away from a production well.  

 

CONCLUSION  

 Stress reorientation around production and injection wells is 

calculated. Effective stress around the well in reduced because of the poro-elastic 

stress caused by pressure gradients in the reservoir. This stress alteration also 
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results in reorientation of maximum and minimum stress directions that in turn 

affect the fracture propagation direction. An injection well acts as an attractor for 

fractures while fractures tend to go away from a production well. The magnitude 

of reorientation depends on pressure gradients and thus is controlled by 

injection/production rate and pore pressure in the reservoir. In situ stress contrast 

is another important parameter controlling stress reorientation. Stress 

reorientation around an injection or production well varies with distance from the 

wellbore and orientation of the measurement point from the in-situ principal stress 

directions. Reorientation is least in the in-situ principal stress directions and it is 

greatest at 450 from the in-situ principal stress directions. Thus theoretically, a 

maximum reorientation of 450 is possible around a wellbore. All the above 

conclusions are valid for a region far away from the wellbore. The near-wellbore 

region is dominated by hoop stresses and behaves very differently from the rest of 

the reservoir. This region sees up to a 90o reorientation in the direction of the 

principal stresses.  

 This chapter addressed radial flow only. More complex flow geometries 

will be discussed in Chapter 3, 4 and 5.   
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Table 2-2 Production well 

Properties Base Case 
Case 2.1.1 

Effect of Pore 
Pressure 

Case 2.1.2 

Effect of stress 
Contrast 

Case 2.1.3 
Sxx 34.4 MPa 

 
34.4 MPa 

 
39.0 MPa 

 
Syy 41.3 MPa. 

 
41.3 MPa. 

 
41.3 MPa. 

 
Szz 62.4 MPa 62.4 MPa 62.4 MPa 

shear 
modulus 

(G) 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

bulk 
modulus(K) 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

porosity (n) 0.25 
 

0.25 
 

0.25 
 

Biot 
coefficient 

(α) 

1.0 
 

1.0 
 

1.0 
 

Biot 
modulus, 
fluid (M) 

2.49 × 108 Pa 
 

2.49 × 108 Pa 
 

2.49 × 108 Pa 
 

Mobility 
coefficient 

(k) 

5.0 × 
1011(m/sec)/(Pa/m) 

 

5.0 × 
1011(m/sec)/(Pa/m) 

 

5.0 × 
1011(m/sec)/(Pa/m) 

 
density 2500 

 
2500 

 
2500 

 
fluid 

density 
1000 1000 1000 

Initial pore 
pressure 

24.1 MPa 3.44 MPa 24.1 MPa 

Bore hole 
radius 

0.12 m 0.12 m 0.12 m 

Well bore 
pressure 

0.68 MPa 
 

0.68 MPa 
 

0.68 MPa 
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Table 2-3 Injection well 

Properties Base Case 
Case 2.2.1 

Effect of stress 
contrast 

Case 2.2.2 

Effect of Pore 
pressure 

Case 2.2.3 
Sxx 34.4 MPa 

 
34.4 MPa 

 
39.0 MPa 

 
Syy 41.3 MPa. 

 
37.9 MPa. 

 
41.3 MPa. 

 
Szz 62.4 MPa 62.4 MPa 62.4 MPa 

shear 
modulus 

(G) 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

bulk 
modulus(K) 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

1.5 × 109 Pa 
 

porosity (n) 0.25 
 

0.25 
 

0.25 
 

Biot 
coefficient 

(α) 

1.0 
 

1.0 
 

1.0 
 

Biot 
modulus, 
fluid (M) 

2.49 × 108 Pa 
 

2.49 × 108 Pa 
 

2.49 × 108 Pa 
 

Mobility 
coefficient 

(k) 

5.0 × 
1011(m/sec)/(Pa/m) 

 

5.0 × 
1011(m/sec)/(Pa/m) 

 

5.0 × 
1011(m/sec)/(Pa/m) 

 
density 2500 

 
2500 

 
2500 

 
fluid 

density 
1000 1000 1000 

Initial pore 
pressure 

24.1 MPa 24.1 MPa 24.1 MPa 

Bore hole 
radius 

0.12 m 0.12 m 0.12 m 

Well bore 
pressure 

37.9 MPa 
 

37.9 MPa 
 

50.92 MPa 
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Figure 2.2 Contours showing pressure distribution around a production well 

 

Figure 2.3  Effective stress tensor near the well bore shown by two perpendicular lines 
representing maximum and minimum stress 
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Figure 2.4 Trajectory representing the direction of effective maximum principal stress near 

the well bore 

 
Figure 2.5 Trajectory demonstrating the change of direction of effective maximum principal 

stress 
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Figure 2.6 Effective stress tensor in the far field, deviation of maximum stress from vertical 

is observed 

 
Figure 2.7 Effective maximum principal stress trajectories in the far field, deviation of 

maximum principal stress from vertical is observed 
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Figure 2.8 Contours of angle of reorientation of stress, around the well bore 

 

Figure 2.9 Contours of angle of reorientation of stress in the far field 
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Figure 2.10 Contours showing pressure distribution around a production well 

 

Figure 2.11 Effective stress tensor near the well bore 
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Figure 2.12 Trajectory representing the direction of effective maximum principal stress 

 

Figure 2.13 Trajectory representing the direction of effective maximum principal stress 
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Figure 2.14 Effective stress tensor in the far field 

 

Figure 2.15 Effective maximum principal stress trajectories in the far field 
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Figure 2.16 Contours of angle of reorientation of stress in the far field 

 

Figure 2.17 Contours of angle of reorientation of stress, around the well bore 
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Figure 2.18  Contours showing pressure distribution around a production well 

 

 

Figure 2.19 Effective stress tensor near the well bore 
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Figure 2.20 Trajectory representing the direction of effective maximum principal stress 

 

Figure 2.21 Trajectory representing the direction of effective maximum principal stress 
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Figure 2.22 Effective stress tensor in the far field 

 

Figure 2.23 Effective maximum principal stress trajectories in the far field 
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Figure 2.24 Contours of angle of reorientation of stress, around the well bore 

 

 

Figure 2.25 Contours of angle of reorientation of stress in the far field 
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Figure 2.26  Contours showing pressure distribution around an injection well 

 

Figure 2.27 Effective stress tensor near the well bore 
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Figure 2.28 Trajectory representing the direction of effective maximum principal stress 

 

Figure 2.29 Trajectory representing the direction of effective maximum principal stress 
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Figure 2.30 Effective stress tensor in the far field 

 

Figure 2.31 Effective maximum principal stress trajectories in the far field 
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Figure 2.32 Contours of angle of reorientation of stress, around the well bore 

 

Figure 2.33 Contours of angle of reorientation of stress in the far field 
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Figure 2.34 Pressure distribution around an injection well 

 

Figure 2.35 Effective stress tensor near the well bore 
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Figure 2.36 Trajectory representing the direction of effective maximum principal stress 

 

Figure 2.37 Trajectory representing the direction of effective maximum principal stress 
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Figure 2.38 Effective stress tensor in the far field 

 

Figure 2.39 Effective maximum principal stress trajectories in the far field 
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Figure 
2.40 Contours of angle of reorientation of stress, around the well bore 

 

Figure 2.41 Contours of angle of reorientation of stress in the far field 
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Figure 2.42 Contours showing pressure distribution around an injection well 

 

Figure 2.43 Effective stress tensor near the well bore 
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Figure 2.44 Trajectory representing the direction of effective maximum principal stress 

 

Figure 2.45 Trajectory representing the direction of effective maximum principal stress 
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Figure 2.46 Effective stress tensor in the far field 

 

 

Figure 2.47 Effective maximum principal stress trajectories in the far field 
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Figure 2.48 Contours of angle of reorientation of stress, around the well bore 

 

Figure 2.49 Contours of angle of reorientation of stress in the far field 
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Figure 2.50 Comparison of analytical and numerical solution for a no flow problem 

Effect of wellbore pressure and stress contrast in a production 
well 
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Figure 2.51 Comparison among different cases to demonstrate effects of parameters 
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Figure 2.52 From Hidayati and Chen (2001) 

Effect of pore pressure and stress contrast on stress 
reorientation in Injection Well 
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Figure 2.53 Comparison among different cases to demonstrate effects of parameters 
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Figure 2.54 Illustration of deviation of fracture from Berchenkot and  Detournay (IJRM, 
1997) 

 

 

Figure 2.55 Injection and production well from Hidayati and Chen (2001) 
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Figure 2.56 Illustration of how the effective maximum stress direction may be different from 
in-situ maximum stress direction 

 

Figure 2.57 Stresses around the wellbore and their directions including in-situ stresses and 
radial and tangential stresses 
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Figure 2.58 Formulation of problem in FLAC showing the grids and boundary conditions 

 

Comparision of analytical and numerical solution for production base case
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Figure 2.59 Comparing results of analytical and numerical solutions for stress reorientation 

around a production well 
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Comparision of analytical and numerical soltion for injection 
base case 
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Figure 2.60 Comparison of analytical and numerical solution for stress reorientation around 

an injection well 
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CHAPTER 3 : STRESS REORIENTATIOION AROUND 
FRACTURED W ELLS 

 In the previous chapters, the role of stress distribution in 

controlling the fracture direction has been demonstrated. Stress redistribution and 

fracture reorientation phenomena are closely related to hydraulic fracturing 

propagation, the resulting fracture dimensions and near well fracture tortuosity. 

The central role of the varying stress-state is important in many other petroleum 

engineering problems such as borehole stability, formation sand control, wellbore 

casing damage, reservoir compaction and subsidence.  

 In this chapter we continue our investigation of stress and 

hydraulic fracture reorientation for fractured wells and will discuss some 

interesting scenarios dealing with stress states in reservoirs. Hydraulic fracture 

orientation is critical to both primary and secondary oil recovery from low-

permeability reservoirs. In primary recovery, common production problems 

caused by hydraulic fracture reorientation are, incomplete and often overlapping 

drainage patterns, poor choice of well patterns and location of new wells. In 

secondary recovery, poor sweep and pre-mature breakthrough of water and steam 

can result from fracture propagation and reorientation [Wright et. al. 1995].    

 

L ITERATURE REVIEW  

It is general practice to measure hydraulic fracture orientation in a few 

wells and generalize that orientation for the entire field. Except in complex 



 

80 
 

geological settings, such as around anticlines and in highly faulted areas, this may 

be a reasonable extrapolation.. However, after production and injection activities 

in the field, as the pore pressure profile of the field changes, the effective 

maximum stress value and the orientation may change. This change is reflected in 

field studies of primary and secondary fracturing and the resulting production 

responses. Wright (1995) discussed field studies for primary and secondary 

recovery and the results of his field observations motivate more detailed 

investigations of fracture reorientation.  

Field Observations of Refracturing: 

Extensive field studies presented by Wright (1995, 1994, 1999) brought to 

light many interesting phenomena regarding fracture orientation and the resulting 

primary and secondary recovery. Figure 1 shows the fracture map of a part of the 

Lost Hills field. This map presents tiltmeter fracture mapping data from over 100 

initial fracture treatments. It is clear from the figure that the fracture azimuth of 

initial fracture treatments is consistent. This observation agrees with the general 

assumption that fractures propagate in the direction of maximum in-situ stress. In 

the same field, the orientation of refracture treatments suggests that these 

secondary fracture’s dip was reoriented by an average of 30 to 40 degrees. The 

fracture azimuth reorientation data in this field were not consistent.  In some 

refracturing jobs however, a 30 degree reorientation was observed. Uncoal’s Van 

oil fields and Lost hill fields both have provided ‘dramatic confirmation’ that 

reorientation does indeed occur in certain fields though the magnitude of fracture 

reorientation is seen to be variable. 
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Warpinski and Branagan (1989) proposed taking advantage of stress 

reorientation in the region of influence to create a favorable fracture orientation. 

The process is referred to as altered stress fracturing. Palmer (1993) elaborated on 

the process of altered-stress fracturing with an emphasis on the application to coal 

bed methane reservoirs.  Wright (1994) and Conant reported that a secondary 

fracture in primary recovery starts and propagates at an angle of 30° − 60° to the 

initial fracture, while an infill hydraulic fracture in secondary recovery starts and 

propagates at an angle greater than 60° to the original fracture orientation. Elbel 

(1993, 1998, 2000) presented a fracture reorientation theory and applied the 

theory to tight gas wells. They showed that the elliptical pore pressure distribution 

due to fracture growth reduces the maximum effective horizontal stress by a 

greater amount than the reduction in the minimum horizontal stress. If the 

difference in stress reduction is greater than the original horizontal stress contrast 

(maximum horizontal stress - minimum horizontal stress), then the principal stress 

directions will switch and subsequent fractures may propagate perpendicular to 

the original fracture treatment. 

 

Initiating an Orthogonal Secondary Fracture 

Production after placement of the initial fracture will cause a local 

reduction in the pore pressure in an expanding elliptical region around the 

fracture. The pore pressure depletion changes the stress distribution in the 

reservoir. Numerical simulations [Elbel, 1993 and Marck 1994] show that the 

total stress component parallel to the initial fracture reduces quicker than the 
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orthogonal one as a function of time, at locations along the line of the proposed 

refracture direction, because of the stress-strain response in the region around the 

initial fracture. (This could be explained by noting that the production induced 

displacement field near the y-axis in the elliptic region of Fig. 6 is characterized 

by a movement along the primary fracture but away from the well. This 

displacement field thus causes stretching in the x-direction).  If the induced stress 

changes are large enough to overcome the effect of the initial horizontal 

deviatoric stress, then the direction or azimuth of the minimum horizontal 

effective stress becomes the maximum within an elliptical region around the 

initial fracture [Elbel, 1993]. Under these conditions, a refracture will propagate 

orthogonal to the initial fracture (i.e., orthogonal to the current local minimum 

principal stress), until it reaches the limit of this stress reversal region as depicted 

schematically in Fig. 6. The boundary of this region along the axis is defined by 

isotropic points - points with zero shear stress, and hence equal horizontal stress. 

Three dimensionless parameters control the refracturing process 

[Detournay, 1997]: 

• dimensionless time τ , similar to dimensionless time in well test 

analysis 

• dimensionless stress deviator Π , which is a ratio of the deviatoric 

stress to the driving pressure difference causing production 

• dimensionless toughness, χ , a ratio of the fracture toughness to 

the product of the production pressure gradient and square root of 

the initial producing fracture penetration 
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Details of the above parameters are given under the section ‘Analytical 

solutions”.  

 

Analytical Solutions  

Detournay (1997) has given a set of dimensionless parameters that affect 

the process of refracturing. This calculation is for secondary fractures (first 

fracture already exists). 

 

 

Where, 

c = diffusivity coefficient = κ /S 

Cfl = reservoir fluid compressibility 

fGKM
S

3

4
1

+
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 M = Biot modulus = Kfl / φ  

φ =porosity 

fl
fl C

K
1= = reservoir fluid bulk modulus 

α = Biot coefficient 
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Gf = ( )v

E

+12
 = pay zone shear modulus 

 κ = mobility coefficient= k/p 

k = intrinsic permeability 

µ  = fluid viscosity 

K = dry bulk modulus 

t = time 

2S0 = deviatoric stress magnitude 

* *pσ η=  

η  = poroelastic coefficient = α  (l -2v)/[2(1-v)] 

v = Poisson’s ratio 

KlC= fracture toughness 

* / 4p q πκ=  

q = production rate 

p* = p0- pwb 

 In line with same theory, a 3D model has also been described. The two 

dimensionless parameters used in this model are dimensionless fracture height 

ratio  γ  and dimensionless shear modulus ratioβ . 

 
/

/
xf

b f

H L

G G

γ
β

=

=
 

Where Gb is the shear modulus of the bounding layer.  
The 3D model suggests that the maximum penetration to the isotropic 

point is very sensitive to Π  as the height ratio γ (dependent of pay zone 

thickness) is varied. The strong dependence of the maximum penetration of the 

isotropic point on the height ratio occurs because the bounding layers (which do 

not experience forces generated by the pore pressure changes in the pay zone) 

generate inter-layer shear stresses (perfect contact is assumed at the interfaces). In 
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reservoirs where the bounding layers are “leaky” and do experience some volume 

change as the pay zone depletes, we can expect greater penetration of the isotropic 

point. 

 The shear modulus contrast between the bounding zones and the pay zone 

has some effect on results if the bounding layer has a lower modulus. The general 

trend is for more shear stress to develop if the bounding layer is stiffer. An 

increased production rate from the initial fracture implies that the isotropic point 

will be located further into the reservoir. This is due to the corresponding 

drawdown required to maintain the rate. The limiting factor would be reservoir 

pressure. 

 The secondary fracture turns by 900 after the orthogonal length.  The 

orthogonal length is the distance from the wellbore to the isotropic point on the y-

axis (see figure 3.6).   It is desirable to have the fracture confined to the 

orthogonal length and not allow it to turn. If the refracture is allowed to turn, then 

the additional production is less than if the entire length remains orthogonal. The 

amount of decreased production depends on when the fracture turns. From a 

practical standpoint the refracture design length should be limited to the expected 

orthogonal length. 

Similar analyses have been performed for shorter fractures and it was 

found that the magnitude of the induced stress difference is reduced [Detournoy, 

1997]. If the initial fracture is too short, fracture reorientation may not be 

possible. In addition, the distance that the refracture will penetrate before turning 

is reduced. As the orthogonal fracture propagates away from the initial fracture, 

the production-induced stress change diminishes and the minimum stress at the 

fracture tip reverts back to the original direction, causing the fracture to turn 

towards the original fracture orientation. This distance appears to be roughly 
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proportional to the fracture length, but a complete analysis has not been made yet. 

This tentative conclusion might be expected from geometrical considerations, but 

it should be noted that the distance from the well at which pore pressure 

drawdown occurs is approximately independent of fracture length (provided the 

initial fracture is long enough and has enough conductivity so that the flow is 

approximately linear to the fracture face). This suggests that the refracture 

reorientation will be of maximum benefit in wells in which the initial fracture was 

long. In tight gas reservoirs, fracture reorientation allows the fracture to penetrate 

into the un-depleted or less depleted area and hence significantly increases the 

well productivity.  

It is almost impossible for stresses to reorient enough to result in an 

orthogonal fracture. The reason for the orthogonal secondary fracture is the switch 

in maximum and minimum stress directions as shown in Figure 3.7.  

  

STATEMENT OF PROBLEM  

 Below is a description of the numerical model on which the analysis 

presented in this paper are based.   

An initial fracture with prescribed initial and boundary conditions for 

stress and pressure is defined. The length of the fracture is assumed to be 54m and 

the size of reservoir is 150m x 150m for the base case. This can represent a 

producing or injection fractured well. The initial and boundary conditions are as 

follows: 

Initial stress in X direction at all points =xxσ  

Initial stress in Y direction at all points =yyσ
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Initial stress in Z direction at all points =zzσ  

Initial pore pressure in the formation = P0 

Normal stress at y=y0 (outer boundary) = yyσ
 

Normal stress at x=x0 (outer boundary) = xxσ  

Pressure at well bore (r = rw) = Pw 
 

 
Figure 3.1: Geometry of the numerical problem 
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NUMERICAL MODEL  

The numerical simulation software FLAC, has been used for our 

simulations (same as Chapter 2). The problem is solved with a plane strain 

assumption. More details about FLAC are given in Chapter 1. The equations 

being solved in this numerical model are given in the last chapter. A simple 

cartesian grid is adopted to suit the requirements of the problem (Fig. 3.1). The 

problem is solved in uncoupled mode. 
 

RESULTS 

The effective stress around a fracture has been calculated for different 

interesting scenarios. These scenarios are given in Table 1 as cases. First, one case 

is solved for injection and one for production. Since the production case is of 

particular interest in this study, more cases have been presented to explore the 

producing fractured well problem in more detail. 

Figure 8 shows the geometry of the problem with the finite difference grid 

and fracture. The reservoir is 150m x 150m and the fracture length is 54m.  

 To understand the effect of fluid gradients, it is important to see a no-flow 

case that is solved without the effect of fluid flow gradients or poro-elastic 

stresses (Case 1). No-flow conditions prevail at time zero in any injection or 

production well. Stress tensors and stress trajectories have been plotted in Figure 

9 and 10. The plot of trajectories of effective maximum principal stress shows that 
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the virgin maximum principal stress is along the x-axis (Figure 9). A plot of the 

effective stress contours also suggests that the effective maximum and minimum 

stresses are along the x and y axes respectively (Figure 10).  

In a fractured injection well, lines of maximum effective principal stress 

are attracted by the injection well fracture (Case 2, Figure 13 and 14). This is 

consistent with the conclusion of Chapter 2 that the injection well acts as an 

attractor for the maximum stress trajectories. The pressure profiles and stress 

tensor plots are also consistent with the observation (Figures 13 to 16). 

Pressure profiles around a fractured production well, show that the 

pressure is a minimum on the fracture surface and it increases away from the 

wellbore (Case 3). The effective maximum stress trajectories in this case show a 

very interesting phenomena (Figures 17 to 19). The directions of minimum and 

maximum stresses within an elliptical zone near the fracture have switched. In the 

virgin reservoir, the maximum stress was along the x axis and minimum stress 

was along the y axis. But after some time of production, near the fracture, the 

effective maximum stress is oriented along the y axis and the minimum stress is 

oriented along the x axis. This phenomenon has been reported by other 

researchers based on numerical studies [Elbel, 1993 and Marck 1994, Detournay, 

1997]. This phenomenon, if understood well, can be of tremendous value in the 

field since having a secondary orthogonal fracture (SOF) will greatly increase the 

productivity of the well. Therefore, this SOF is analyzed in more detail below. 

Tight gas reservoirs, low permeability reservoirs and high permeability 

reservoirs will behave differently and may or may not have the opportunity to 

create an orthogonal secondary fracture. Other parameters including reservoir 
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properties, fluid properties and flow rates etc will also have some effect on the 

phenomenon of switching of stresses. More cases will be presented to analyze the 

effect of these parameters and seek answers to some basic questions for different 

kinds of reservoirs.  

 The elastic properties of rock are important factors contributing to the 

effective stress state around a fractured production well (Case 4). The values of 

bulk and shear modulii for this case are lower than Case 3. It is very obvious from 

a comparison of plots for effective maximum principal stresses that lower bulk 

and shear modulii have helped the process (Figures 20 to 23). The switch of 

maximum and minimum stresses is more clearly seen. It was also observed during 

the simulation that the switch in stresses happens earlier in time for Case 4 as 

compared to Case 3.   

The possibility of OSF is dependent on poroelastic stresses, which in turn 

depends on the fluid pressure (Case 5). When the pore pressure in low, it will 

result in low pressure gradients in the reservoir during production (Figures 24 to 

26). In this case, we observe that the switch of maximum and minimum effective 

stress does not happen at all. This occurs because low pressure gradients do not 

result in a sufficient reduction of stresses to cause the switch.  

Stress contrast directly affects stress reorientation and switch of maximum 

and minimum stresses (Case 6). Higher stress contrast always makes poroelastic 

effects less significant (Figures 27 to 30). In this case also, we notice that the 

switch of stresses is not complete and the maximum stress trajectories are 

complicated in the elliptical region near the fracture.  
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Response of a low permeability oil reservoir is different than that of a high 

permeability oil reservoir (Case 7). In case of low permeability oil reservoir, 

stress reversal happens in the near fracture region but the distance of the isotropic 

point from the well is very small (Figure 31 to figure 33). Therefore, any 

orthogonal secondary fractures will also not be very long in this case.  

As permeability, viscosity and compressibility relate directly to hydraulic 

diffusivity, behavior of tight gas sands is very different from behavior of oil 

reservoirs and high permeability gas reservoirs (Case 8). In case of a tight-gas 

sand well, we notice almost no reorientation is occurring around the fracture 

(Figure 34 to 36). Because of the very low permeability, poroelastic stresses are 

not enough to cause stress reversal. This is happening at small time. Figure 41 

shows how at longer time, orthogonal stress reorientation can be seen around tight 

gas wells.  

In case of a gas reservoir with high permeability, stress reversal happens 

because of high pressure gradients in the reservoir (Case 9). It can be seen that the 

distance of the isotropic point from the well is longer than for all the other cases 

(Figure 37 to 40).  

As it is seen from all the above cases that it is not possible to make general 

comments about when an orthogonal fracture will be created and what the 

influence of production time is. Graphs have been constructed to give some 

generalized idea of the appropriate time for refracturing in different kinds of 

reservoirs. It is evident from Figure 41, that the optimum time for refracturing a 

reservoir is directly related to the diffusivity of the reservoir. 1/MK is reciprocal 

of the product of Biot’s modulus and mobility coefficient. 1/MK translates to 
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c

k

φµ
(i.e. porosity x viscosity x compressibility / permeability). As the number 

1/MK increases it represents reservoirs with low permeability and the appropriate 

time for refracturing increases. The divisions shown in the figure (i.e. high 

permeability reservoir, low permeability oil reservoir, high permeability gas 

reservoir and tight gas sands) are only representative values. A real reservoir can 

lie anywhere on the X axis depending on the values of compressibility, viscosity, 

permeability and porosity. The legend on the right side of the figure shows the 

values of stress contrast and pore pressure at which that particular curve has been 

plotted. Any numerical values of appropriate time for refracturing should only be 

considered in context of the stress contrast, pore pressure and fracture pressure 

values. Therefore, the given plot provides simple guidelines for the range of time 

values for different reservoirs types. An individual reservoir under certain values 

of fluid pressures, in-situ stresses and reservoir properties has to be analyzed 

individually to determine the period over which it can be refractured for OSF. 

Nevertheless, this plot is very useful for a field engineer to develop a qualitative 

understanding of when to look for this opportunity. As the figure suggests, for a 

high permeability oil reservoir fracture reorientation opportunities may exist over 

the course of as low as a few hours after initial production and for a tight gas sand 

it may be a minimum of one year.    
 

STRATEGY  FOR  A SUCCESSFUL SOF 

 Wright (1994) presents field observations to show how much a 

secondary fracture can improve the production. It is evident from his results that 
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the production response after a refracture treatment was equivalent to the initial 

fracture treatment. On the other hand some refracture treatments have not helped 

production much. The reason behind an unsuccessful refracture can be many:  

• Restored fracture conductivity of the first fracture,  

• Achievement of longer fracture length fracture and better 

containment in reduced-pore-pressure zone of the producing 

reservoir or  

• Penetration of secondary fracture into an undepleted section of the 

reservoir.  

In this work we are studying the third point i.e. penetration into undepleted 

section of the reservoir. The success of the job will depend on the desired 

orientation, length and conductivity of the secondary fracture. The strategy for 

successful SOF will depend on the nature of the reservoir. In the following 

discussion we will lay down some basic ideas to keep in mind for refracturing in 

different kinds of reservoirs. As discussed before in reference to Figure 41, tight 

gas ands or very low permeability reservoirs are the most suitable candidates for 

refracturing. A long initial fracture length and a low stress contrast are favorable 

conditions for a refracture. Reservoirs with permeability higher than 0.01 md may 

not be the right candidates for refracturing because the pressure gradients in the 

reservoir will dissipate quickly during a shut-in period and stress reversal will not 

be achieved in the reservoir at the time of refracturing.  

We recognize that the fracturing process can be much more complicated 

than that considered in this study. There is field evidence of complex fracture 

networks formed by slick water treatments in the Barnet shale [Fisher et al, 2002]. 
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A complex fracture may look like Figure 5. It is not possible to accurately predict 

this fracture from any available studies. All the references of field observation 

report reorientation in the range of 30o to 60o. There is not enough field evidence 

for an orthogonal secondary fracture. There is a need of field tests that keep track 

of total time of production and compare these against the numerical predictions of 

our model. 

 

Well placement decisions should also take reorientation into 

consideration.  

• An injection well put into the vicinity of production well will 

increase the pore pressure in the vicinity. In that case, if the 

production well is fractured, fracture containment will not be good. 

Therefore, if possible, new injection wells should not be in the 

close vicinity of the well which is going to be fractured.  

• Even when injection and production wells are placed close to each 

other, the likelihood of reoriented fractures can be avoided by 

limiting the injection rates. If injection rates are lower, the 

reduction in stress contrast will be lower and the possibility of 

stress reorientation will be less. 
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CONCLUSIONS 

Orthogonal secondary fracture (OSF) can grow from initially fractured 

production wells. The following conditions promote the formation of long 

orthogonal secondary fractures: 

• Long first fracture  

• Low Biot’s modulus   

• Low stress anisotropy  

• Low wellbore pressure  

• High reservoir fluid pressure  

• High bulk modulus and shear modulus of rock  

• Low Poisson’s ratio  

The length of the initial fracture is more important than all other 

parameters for the purpose of choosing a candidate well for secondary fracturing.  

Other Conclusions: 

• It is not possible to create an orthogonal secondary fracture in a injection 

well.  

• The appropriate time for creating a secondary orthogonal fracture depends 

on the reservoir-diffusivity 








k

cφµ
.  

• The appropriate time window for secondary fracturing theoretically varies 

from a few hours to a few years. For a tight gas reservoir it may be 3 years 

while for a high perm oil reservoir it may be 2 days.  

• Secondary orthogonal fractures may be more applicable in low perm 

reservoirs since the relaxation of the pressure gradients during shut-in are 
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very limited in such formations. High permeability reservoirs do not 

preserve pressure gradients (and therefore poroelastic stress gradients) 

very well during shut-in. 
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Table 3-1 Values of parameters for fractured well numerical model (For all Cases: porosity=.25, 
maximum principal stress=41MPa, Length of the fracture=54m) 

Case 

No. 

Wellbore 

Pressure 

(MPa) 

Reservoir  

Pressure 

(MPa) 

Mobility  

Ratio 

(Permeability/ 

Viscosity) 

Shear  

Modulus 

(MPa) 

Bulk 

Modulus 

(MPa) 

Min 

Principal 

Stress 

(MPa) 

M 

(MPa) 

1 24.13 24.13 5.00E-9 1500 1500 40 249.53 

2 39.00 24.13 5.00E-9 1500 1500 40 249.53 

3 1.29 24.13 5.00E-9 1500 1500 38 249.53 

4 1.29 24.13 5.00E-9 15 15 40 249.53 

5 1.29 14.13 5.00E-9 1500 1500 40 249.53 

6 1.29 24.13 5.00E-9 1500 1500 38 249.53 

7 1.29 24.13 5.00E-11 1500 1500 40 249.53 

8 1.29 24.13 1.00E-12 1500 1500 40 137.93 

9 1.29 24.13 5.00E-9 1500 1500 40 137.93 
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Figure 3.1 Tiltmeter fracture mapping results from the East portion of Lost Hills filed through 1992 

[Wright and Conant, 1994] 
 

 
Figure 3.2  Two examples of measured refracture reorientation – one dip reorientation and 

one azimuth reorientation [Wright, C.A. 1995] 
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Figure 3.3 Deformation pattern resulting from hydraulic fracture (Fisher and Wright, 

2002). 
(Extremely sensitive tiltmeters placed in a radial pattern on the surface around a 

stimulation well candidate (bottom) can monitor fracture azimuth during stimulation 
treatments (top). Fracture geometry is inferred by measuring induced rock deformations. 
The deformation field, which radiates in all directions, can also be measured down hole 

by wireline-conveyed tiltmeter arrays in offset wells.) 
 

 
Figure 3.4 Micro-seismic fracture mapping (Fisher and Wright, 2002). 

(Micro-seismic imaging relies on detection of micro-earthquakes or acoustic emissions 
associated with hydraulic fracturing or induced movement of preexisting fractures. 
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Figure 3.5 Secondary fractures branching out of the main trunk of the fracture 

 

 
Figure 3.6 Thematic of orthogonal refracturing. Secondary fracturing is orthogonal to primary 

fracture and turns parallel beyond isotropic point 
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Figure 3.7 When a secondary fracture is created over the first fracture, the secondary fracture may 
be orthogonal to the first fracture. The reason behind this phenomenon is because principal stress 

values are reduced in such a way that directions of maximum principal stress and minimum 
principal stress are switched. Both maximum principal stress and minimum principal stress are 

reduced during production but one is reduced more than the other. 

 
 

Figure 3.8 Problem geometry for a fractures well 
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Figure 3.9 Trajectories of effective maximum stress around the fracture before starting production 

or injection 

 
Figure 3.10 Effective stress tensors around a fracture at time zero (before staring production or 

injection) 
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Figure 3.11 Stress trajectories around a fracture at time zero (before staring production or injection) 

 

 
Figure 3.12 Effective stress tensors around a fracture 
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Figure 3.13 Stress trajectories for injection fracture, Case2 

 
Figure 3.14 Stress trajectories for injection fracture, Case2 
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Figure 3.15 Pressure profiles  for injection fracture, Case2 

 
Figure 3.16 Stress tensor for injection fracture, Case2 
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Figure 3.17 Stress trajectories for production fracture, Case3 

 
Figure 3.18 Pressure profiles for production fracture, Case3 
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Figure 3.19 Stress tensors for production fracture, Case3 

 

 
Figure 3.20 Stress trajectories for production fracture, Case4 
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Figure 3.21 Stress trajectories for production fracture, Case4 

 
 

 
Figure 3.22 Pressure profiles for production fracture, Case4 
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Figure 3.23 Stress tensor for production fracture, Case4 

 

 
Figure 3.24 Stress trajectories for production fracture to demonstrate the effect of pore pressure, 

Case5 
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Figure 3.25 Pressure profiles for production fracture to demonstrate the effect of pore pressure, 

Case5 
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Figure 3.26 Stress tensors for production fracture to demonstrate the effect of pore pressure, Case5 
 

 
Figure 3.27 Stress trajectories for production fracture to demonstrate the effect of stress contrast, 

Case6 
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Figure 3.28 Stress trajectories for production fracture to demonstrate the effect of stress contrast, 
Case6 

 

 
Figure 3.29 Pressure profiles for production fracture to demonstrate the effect of stress contrast, 

Case6 
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Figure 3.30 Stress tensors for production fracture to demonstrate the effect of stress contrast, Case6 

 
 

 
Figure 3.31 Stress trajectories for production fracture to demonstrate the effect of permeability, 

Case7 
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Figure 3.32 Stress tensors for production fracture to demonstrate the effect of stress contrast, Case7 

 
 

 
Figure 3.33 Stress tensors for production fracture to demonstrate the effect of stress contrast, Case7 
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Figure 3.34 Stress trajectories for production fracture in tight gas sands, Case8 

 

 
Figure 3.35 Pressure profiles for production fracture in tight gas sands, Case8 
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Figure 3.36 Stress tensors for production fracture in tight gas sands, Case8 

 

 
Figure 3.37 Stress trajectories for production fracture in gas reservoir, Case9 
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Figure 3.38 Stress trajectories for production fracture in gas reservoir, Case9 

 
Figure 3.39 Pressure profiles for production fracture in gas reservoir, Case9 
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Figure 3.40 Stress tensors for production fracture in gas reservoir, Case9 
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Figure 3.41 Comparison of appropriate timing of secondary fracturing in different kind of 

reservoirs. Different kinds of reservoirs are represented on x-axis by varying values of reciprocal of 
(Biot’s modulus x mobility coefficient). 
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CHAPTER 4 STRESS REORIENTATION AROUND HORIZONTAL 
WELLS 

The objective of this study is to calculate and analyze the reorientation of stresses 

around horizontal production and injection wells. 

 INTRODUCTION  

Stress reorientation around vertical wells and that around fractured vertical wells 

has been discussed in previous chapters in great detail. Based on that analysis we can say 

that in the case of uniform depletion in the reservoir, i.e. when pressure gradients in the 

reservoir are small, stress reorientation in the reservoir is small. However, in low 

permeability reservoirs, infill production wells or injection wells for improved oil 

recovery can induce high pressure gradients that can lead to significant stress 

reorientation in the reservoir. In this chapter we study stress reorientation around a single 

producing/injecting horizontal well and then address the problem of a combination of 

injecting and producing horizontal wells. Many cases with varied reservoir properties and 

stress conditions demonstrate the importance of reservoir conditions that in some cases 

may be manipulated to enhance oil production. Based on the study some rules of thumb 

have been proposed about when it is important to consider stress reorientation in a 

reservoir development plan.  
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 L ITERATURE REVIEW  

Stress reorientation around horizontal wells is an often mentioned but rarely 

quantified aspect of production planning and reservoir development. Stress reorientation 

around both injection and production wells is not only important for creating fractures for 

maximizing oil recovery but also for avoiding unfavorable and unwanted consequences 

such as oil bypassing and poor sweep associated with fracturing and fracture growth. 

Knowledge of the direction of fracture propagation can also help in selecting well 

locations and orientations for maximum sweep in reservoirs.  

Stress orientation has been studied in great detail because of its importance for 

creating transverse and longitudinal fractures in horizontal wells. It has been reported that 

if a fracture initiating from the wellbore is at an angle to the minimum in-situ stress, the 

fracture will have to eventually re-orient itself in a direction perpendicular to minimum 

stress.  In a comprehensive analysis of this fracture reorientation process, Daneshy 

observed that the reorientation surface takes the form of steps [Daneshy, 1973]. The 

presence of steps not only contributes to abnormally high fracture propagation pressure, 

but it may also lead to a premature screenout. Hallam and Last (1990) suggested that the 

steps observed by Daneshy, El- Rabaa and Abass  are starter fractures that may or may 

not communicate [Hallam and Last, 1990; Daneshy, 1973; El- Rabaa, 1989; Abass et al, 

1992]. Soliman has expanded on Daneshy’s work by studying microfracturing of 

deviated and horizontal wells [Soliman, 1990]. He concluded that analysis of 

microfractures and minifractures conducted on deviated wells would yield values higher 

than the minimum stress because of the combined effect of the maximum stress and shear 

stress. To minimize this effect on stress determination, he has recommended that a larger 

than usual mini-fracture test be run. An alternative would be to run various tests to 
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determine not only the minimum horizontal stress but also the maximum horizontal 

stress. 

Experimental and analytical studies have shown that the re-orientation radius 

increases as the pumping rate increases [Bradley, 1979; El-Rabba, 1989]. It has also been 

found that as the ratio between the maximum and minimum horizontal stresses increases, 

the re-orientation radius gets shorter. Using the analysis developed by Viola, El-Rabaa 

developed a relationship between the re-orientation radius and the stress ratio [Viola and 

Piva, 1984; El-Rabba, 1989].  

 

The work by El-Rabba indicates that for a stress ratio of higher than two, it is 

unlikely that a fracture in the direction of the minimum stress will be created [El-Rabba, 

1989]. One has to remember that Viola’s study was strictly analytical and that it only 

provides guidelines [Viola and Piva, 1984]. When a fracture is re-oriented in space, it is 

expected that the fracture width will be reduced. The degree of reduction in the fracture 

width depends on the degree of reorientation. A fracture created axially to the wellbore 

that turns to a perfectly transverse fracture will suffer a maximum reduction in width. 

Deimbacher presented a simple equation to calculate this reduction in width 

[Deimbacher, et al, 1993]. 

 1

2

1.5
W d

W l
=  (4.1) 

Where, 

d =  well diameter 

l =  perforated interval 

If the well is at an angle, α, from the well trajectory, the following equation describes the 

reduction in width. 
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 1

2

1.5 (1 cos ) cos
W d

W l
α α= − +  (4.2) 

 

Rogiers (1990) analyzed the above problem taking into consideration not only the 

relative values of the stresses but also the size of the created fracture [Rogiers, 1990]. 

Thus, the width of the fracture is more than just a simple geometric function of the 

relative orientation of the stresses and the wellbore. The following equation was provided 

for the anticipated reduction in width. 
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In light of what was found in the laboratory, if the perforated interval is less than 

four times the diameter, only a transverse fracture will be created. Although the above 

equations may not be quantitatively valid, qualitatively they indicate a definite drop in 

fracture width as the fracture is re-oriented. This reduction in width could cause a tip 

screenout. Even when fracture propagation is achieved, the lower width will cause a 

sharp decline in conductivity, and in turn, will reduce the well productivity. 

Rod et al (2005) has discussed the relation between early water breakthrough and 

stress reorientation in horizontal wells [Rod et al, 2005]. Rod discusses a case study of 

the Halfdan Chalk field in the Danish North Sea. Induced fractures were actively steered 

along the horizontal water injection wells in a densely spaced line-water-drive-flood 

method to ensure good sweep efficiency. The Danish North sea horizontal wells were 

drilled with 600 ft lateral spacing in a pattern of regular arrays with alternating producers 

and water injectors in a 10,000 to 15,000 ft long reservoir. Fracturing the injection well is 
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the key to the process of voidage replacement due to the low mobility of water compared 

to oil and gas.  

In the Halfdan field, a dense well pattern facilitates an efficient line-drive water-

flood. However an enhanced reservoir contact area is required to achieve adequate 

injection rates for voidage replacement and pressure maintenance at attractive production 

rates. This can only be realized by injecting water above the fracture propagation 

pressure. There is a risk of premature water breakthrough because injection wells are 

fractured because of high injection pressures. Hence, in this field continuous monitoring 

and control of poroelastic stresses is the key to avoiding premature water breakthrough 

because poroelastic stresses control the fracture direction.  

In cases, where the reservoir is depleted uniformly (cases where the pressure is 

constant throughout the reservoir) pressure gradients remain too small to affect the state 

of stress in the rock. In low permeability reservoirs, or around water injection wells or 

well on artificial lift steep pressure gradients can occur in the near wellbore region. Under 

such conditions, poroelastic stresses become very important in reservoir management.  

Figure 1 shows the horizontal wells in the Halfdan field. Figure 2 shows the 

virgin maximum stress direction and reoriented maximum stress direction in the field. 

Figures 4 and 5 are the simulation outputs concluding that high leak-off or high injection 

pressure results in premature water breakthrough. Whereas if leak-off rates in the 

injection well fractures are adjusted so that fractures align along the injection well then 

no early water breakthrough occurs. Similar results are obtained in Cases 4.3.1, 4.3.2 and 

4.3.3 described in the Results and Analysis section of this Chapter.  
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NUMERICAL MODEL  

The problem has been set up in FLAC in Cartesian coordinates. Details about the 

numerical scheme and equations solved can be found in Chapter 1. A total of sixteen 

cases with different combinations of wellbores and fractures have been simulated. The 

details of the values of parameters are given in Table 1 and Table 2. A generalized 

description of the problem is presented here. An example of a meshed reservoir and wells 

is shown in the figure below. It should be noted that the simulations being conducted are 

in 2-D and, therefore, are 2-D projections of the well and reservoir in the horizontal 

plane. 

 

 
Figure 4.1 An example of the grid used in numerical model 
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Initial Conditions 

Initial stress in X direction = xxσ  

Initial stress in Y direction = yyσ  

Initial stress in Z direction =zzσ  

Initial pore pressure = P0 

 

Boundary Conditions 

Normal stress at y = y0 and at y = 0 (outer boundary) = yyσ  

Normal stress at x = x0 and at x = 0 (outer boundary) = xxσ  

Pressure at injection well = Pi 

Pressure at production well = Pp 

 

 RESULTS AND ANALYSIS : 

Results of sixteen different cases are presented here. Cases 4.0.1 and 4.0.2 

are for a single well, Cases 4.1.1 to 4.3.3 are for two wells (one injection and one 

production), Cases 4.4.1 and 4.4.2 are for three wells and Cases 4.5.1 and 4.5.2 

are for five wells with combinations of injection and production wells. These 

different cases are designed to demonstrate different interesting scenarios under 

reservoir conditions around horizontal wells and lead to important conclusions.  

 

Well Trajectories Perpendicular to the Maximum In-Situ Stress Direction: 
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When a well drilled along the direction of the maximum principal stress is 

put on production, stresses around the well reorient (Case 4.0.1).  For the 

parameters chosen for this case, at steady-state, pore pressure gradients induced 

by production cause the maximum and minimum stresses to be flipped in the near 

well bore region. This phenomenon in which the maximum and minimum stress 

are switched is referred to as orthogonal stress reorientation. This occurs because 

stress reduction in one direction is more pronounced than in the other. Stress 

tensor plots also provide a visual representation of the switch (Figure 1). Pressure 

contour plots confirm that the pore pressure is decreasing as we go towards the 

wellbore (Figure 3).  

 Stresses around horizontal injection wells also reorient but the 

nature of reorientation is different than for a production well (Case 4.0.2). Stress 

trajectory plots show that the maximum stress trajectories are attracted towards 

the well. This is consistent with the concept that injection wells act as attractors 

for the maximum stress trajectories. The tensor plot and the pressure profile are 

consistent with the stress trajectory plot.  

 Simulation of a combination of one injection and one production 

well gives some more insight into this reorientation phenomenon (Case 4.1.1). 

The stress trajectories around the production well have reoriented by 900 and 

trajectories around the injection well have much less reorientation compared to 

the production well. These reorientations are similar to the ones observed in Cases 

0.1 and 0.2 for a single well, but the zone of orthogonal reorientation around the 

production well is much bigger in this case. This difference can be explained by 

the difference in pressure profiles. In the case of a single production well, the 
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difference between reservoir pressure and wellbore pressure is causing the 

reorientation. In the case of a set of injection and production wells, the difference 

between the injection pressure and the pressure in the production well is causing 

the reorientation. In the latter case (Case 4.1.1) the pressure difference (pore 

pressure gradient) is higher than in the former (Case 4.0.1); therefore the region of 

reorientation is also larger. The next three cases will explore the effect of stress 

contrast and difference between injection and production pressures on stress 

reorientation.  

 The in-situ stress contrast is an important factor in quantifying the 

stress reorientation (Case 4.1.2). Case 4.1.2 is for a higher stress contrast (333 psi 

vs 116 psi) and clearly exhibits lower stress reorientation. In this case, the switch 

of maximum and minimum stresses is not observed but the reorientation is as high 

as 45o at some points between the injection and production well. This case again 

shows that reorientation is higher for a set of injection and production wells as 

compared to a single, isolated production well.  In the stress trajectory plot for this 

case, it can be observed that reorientation is higher to the left of the production 

well as compared to its right. This is because, on the left, the reorientation is 

driven by the pressure difference between injection and production wells, while 

on the right side, reorientation is driven by the pressure difference between the 

production well and the reservoir.  

  As reorientation is dependent on the pore pressure profiles in the 

reservoir, the effect of pressure difference between injection and production well, 

is also very important (Case 4.1.3). In this case the pressure in the injection well is 

lower (4351 psi vs 5656 psi) and pressure in the production well is higher (2610 
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psi vs 1174 psi) as compared to the previous cases. It is observed that 

reorientation is significantly reduced compared to the previous cases and no 

orthogonal reorientation is observed around the production well.  

 A case with high stress contrast and low pressure gradients shows 

almost no stress reorientation (Case 4.1.4). This suggests that varying conditions 

of in-situ stress contrast and pressure profiles in the reservoir can result in a range 

of reorientations from no reorientation to 90o reorientation of the maximum 

effective principal stress. It can be concluded from the discussion above that high 

well injection pressures may result in premature water breakthrough. Whereas if 

leak-off rates (pressure gradients) in the injection well fractures are adjusted it 

may be possible to align the growing injection well fractures along the injection 

well and prevent early water breakthrough. 

Well Trajectories Along the Maximum Stress Direction: 

 In all the above cases the horizontal wells were drilled along the 

direction of maximum in-situ principal stress. The next three cases, 4.2.1, 4.2.2 

and 4.2.3 show results for horizontal wells drilled along the minimum in-situ 

principal stress direction.  

 In the case of one injection and one production well drilled along 

the minimum in-situ principal stress direction results are rather different from the 

case when wells were drilled along the maximum principal stress direction. In this 

case, the nature of stress reorientation is completely different than the previous 

cases (Case 4.2.1). Orthogonal reorientation is observed around the injection well 

but very little reorientation is seen near the production well. Maximum stress 

trajectories near the injection well reorient by 900 and align along the well. In the 
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previous cases, after reorientation, the maximum stress trajectories align along the 

injection well and across the production well. That remains true in this case as 

well.  

 Following up on the previous Case 4.2.1, Case 4.2.2 is designed to 

demonstrate the effect of stress contrast. In this case, the stress contrast is high 

(478 psi as opposed to 116 psi and 333 psi in previous cases) and as a result a 

very small region of stress reorientation in seen around both the wells. There is 

very little reorientation around the injection well and almost no reorientation 

around the production well.  

 The effect of pore pressure gradients on reorientation is demonstrated by 

Case 4.2.3. In this case, the pressure difference between the injection well and 

production well is low. In the stress trajectory plots, a reorientation of up to 900 is 

observed. However, because of lower pressure gradients, the area of orthogonal 

reorientation is smaller as compared to Case 4.2.1. 

Well Trajectories at an Angle to the Maximum Stress Direction: 

 We now analyze the stress reorientation around a set of one 

injection and one production well when these wells are oriented somewhere 

between the direction of minimum and maximum in-situ principal stresses. Cases 

3.1 to 3.3 are designed for this analysis.  

 If wells are aligned at any arbitrary angle in the in-situ stress field, 

maximum stress trajectories tend to align along the injection well and across the 

production well (Case 4.3.1). Case 4.3.2 shows that if the stress contrast is high 

this effect is not prominent and maximum stress trajectories do not go across the 

production well. Case 4.3.3 demonstrates that when the pressure difference 
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between the injection well and production well is small relative to previous cases 

(the injection pressure is decreased to 1305 psi and production pressure increased 

to 1436 psi compared to Case 4.3.1) and the stress contrast is low (116 psi), the 

reorientation effect is not dominant but the nature of reorientation remains similar 

to previous cases.  

Stress Reorientation for Multiple Horizontal and Production Wells 

To this point in the chapter we have examined stress reorientation around 

single wells and pairs of injection and production wells. We now study stress 

reorientation in a pattern with more than two wells. Case 4.4.1 and 4.2 show stress 

reorientations around three wells and Cases 4.5.1 and v5.2 show stress 

reorientation around 5 wells. In practice more complex well configurations are 

possible; however, the results of these simulations provide a good sampling of the 

types of behavior that might be expected when multiple wells are present. Other 

more complex cases with arbitrary well orientation can, of course, be similarly 

simulated. From the stress trajectory plots for the two well, three well and five 

well cases, we can semi-quantitatively predict the stress reorientation around any 

number of parallel horizontal wells.  

 A reorientation plot around two injection and one production wells 

looks a little more complicated (Case 4.4.1). For the simple case when wells are 

aligned along the in-situ maximum stress direction, orthogonal stress reorientation 

is observed around the production well, while no significant reorientation is 

observed around the injection well. There are boundary effects in the simulation 

that may result from the finite domain of simulation, but this effect is not 

prominent and does not affect the nature of our results. This was demonstrated by 
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changing the size of the simulation domain. No significant changes in the stress 

reorientations was observed. Case 4.4.2 is similar to the previous case with two 

production and one injection well. Again, the maximum stress trajectories get 

aligned along the injection well and perpendicular to the production well. Stress 

trajectories near the injection well have a tendency of coming closer to the 

injection well.  

 Stress reorientation plots for combinations of injection and 

production wells (5 wells in each case) are shown in Figures 31 and 32 (Cases 

4.5.1 and 4.5.2). The rule of thumb of maximum remains true in these cases also. 

Near the injection wells, maximum stress trajectories tend to come closer to the 

injection wells.  

 A comparison of our results with field observations shows that the above 

results are consistent with the previous field studies [Rod, 2005; Inner et al 2002].  

Illustrations from these previous studies reproduced in this chapter clearly show 

the general rule of thumb derived in this chapter: stress trajectories align along 

horizontal injection wells and across production wells. The model presented here 

allows us to quantify these observations and systematically study the effect of 

wellbore orientation, in-situ stresses and injection and production well pressures.  

 CONCLUSION  

Stress reorientation occurs around horizontal injection and production 

wells under almost all reservoir conditions. The extent of reorientation varies 

depending on the injection pressure, reservoir pressure, production well pressure, 

in-situ stress contrast, distance between wells etc. One decisive factor in stress 
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reorientation around horizontal wells is the orientation of the wells with respect to 

the in-situ maximum/minimum stress. When the wells are drilled parallel to the 

direction of maximum in-situ stress, the maximum stress trajectories tend to align 

along the injection well and across the production well. Also, the maximum stress 

trajectories near the production well tend to be perpendicular to the well. Whether 

they actually become perpendicular to the production well depends upon whether 

conditions are favorable or unfavorable. Favorable conditions for stress 

trajectories to be perpendicular to the production well are: a large difference 

between injection and production well pressure, a small distance between 

injection wells and production wells and low stress contrast. These conditions can 

result in an injection well fracture intersecting a nearby production well resulting 

in premature water breakthrough. 
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Table 4-1 Parameters used for Case 4.1 and Case 4.2  (horizontal wells) 
Properties Case 

4.0.1 
Prod 

Case 
4.0.2 
Inj 

Case 
4.1.1 
Base 

Case 
4.1.2 

Case 
4.1.3 

Case 
4.1.4 

 

Case 
4.2.1 

Case 
4.2.2 

Case 
4.2.3 

Sxx (MPa) 40.5 
 

40.5 
 

40.5 
 

38.0 
 

40.5 
 

32.0 41.3 41.3 41.3 

Syy (MPa) 41.3 41.3 41.3 41.3 41.3 41.3 40.5 
 

37.0 40.5 

Szz (MPa) 62.4 62.4 62.4 62.4 62.4 62.4 62.4 62.4 62.4 
Shear modulus (G) in 

Pa 
1.5 × 109 1.5 × 

109 
1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

bulk modulus(K) in Pa 1.5 × 109 1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

1.5 × 
109 

Porosity  0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Biot coefficient (α) 1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
Biot modulus, fluid 

(M) in Pa 
2 × 109 

 
2 × 
109 

 

2 × 109 
 

2 × 
109 

 

2 × 109 
 

2 × 
109 

 

2 × 109 
 

2 × 
109 

 

2 × 
109 

 
Mobility coefficient 
(k) in (m/sec)/(Pa/m) 

 

5.0 × 109 5.0 × 
109 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 
109 

 
Initial pore pressure in 

MPa 
24.1 24.1 24.1 24.1 24.1 24.1 24.1 24.1 24.1 

Well bore pressure in 
MPa 

8.1 39 8.1/ 39 8.1/ 
39 

18/ 30 18/ 
30 

8.1/ 39 8.1/ 
39 

18/ 
30 
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Table 4-2 Parameters used for Cases 4.3, 4.4 and 4.5 (horizontal wells) 

 
Properties Case 

4.3.1 
Base 

Case 
4.3.2 

Case 
4.3.3 

Case 
4.4.1 

Case 
4.4.2 

Case 4.5.1 
 

Case 4.5.2 
 

Sxx (MPa) 40.5 
 

37.0 
 

40.5 
 

40.5 
 

40.5 
 

40.5 
 

40.5 
 

Syy (MPa) 41.3 41.3 41.3 41.3 41.3 41.3 41.3 
Szz (MPa) 62.4 62.4 62.4 62.4 62.4 62.4 62.4 

Shear modulus (G) in Pa 1.5 × 
109 

1.5 × 
109 

1.5 × 109 1.5 × 109 1.5 × 109 1.5 × 109 1.5 × 109 

Bulk modulus(K) in Pa 1.5 × 
109 

1.5 × 
109 

1.5 × 109 1.5 × 109 1.5 × 109 1.5 × 109 1.5 × 109 

Porosity  0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Biot coefficient (α) 1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
1.0 

 
Biot modulus, fluid (M) 

in Pa 
2 × 109 

 
2 × 109 

 
2 × 109 

 
2 × 109 

 
2 × 109 

 
2 × 109 

 
2 × 109 

 
Mobility coefficient (k) 

in 
(m/sec)/(Pa/m) 

 

5.0 × 
109 

 

5.0 × 
109 

 

5.0 × 109 
 

5.0 × 109 
 

5.0 × 109 
 

5.0 × 109 
 

5.0 × 109 
 

Initial pore pressure in 
MPa 

24.1 24.1 24.1 24.1 24.1 24.1 24.1 

Well bore pressure in 
MPa 

8.1/ 39 8.1/ 39 18/ 30 39/8.1/ 
39 

8.1/ 
39/8.1 

39/8.1/ 
39/8.1/39 

8.1/ 
39/8.1/39/8.

1 
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Figure 4.2  Field view of line drive (Rod et al, 2005) 

 

 
Figure 4.3  Reorientation around line drive (Rod et al, 2005) 
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Figure 4.4 Reorientation around line drive (Rod et al 2005) 

 

 
Figure 4.5 Reorientation around line drive (Rod et al, 2005) 

 



 

 142 

 
Figure 4.6  Stress trajectories for a single production well, Case 4.0.1 

 

 
Figure 4.7  Orientation of the stress tensor for a single production well, Case4.0.1 
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Figure 4.8  Pore pressure profiles for a single production well, Case4.0.1 

 

 
Figure 4.9  Pore pressure profiles for a single injection well, Case4.0.2 
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Figure 4.10  Orientation of the stress tensor for a single injection well, Case4.0.2 

 

 
Figure 4.11  Stress trajectories for a single injection well, Case4.0.2 
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Figure 4.12 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.1.1 
 

 
Figure 4.13 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.1.1 
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Figure 4.14 Stress trajectories for two horizontal wells, injection and production, Case4.1.1. 

 

 
Figure 4.15 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.1.2 
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Figure 4.16 Orientation of the stress tensor for two horizontal wells, injection and 

production, case4.1.2 
 

 
Figure 4.17 Stress trajectories for two horizontal wells, injection and production, Case4.1.2 
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Figure 4.18 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.1.3 
 

 
Figure 4.19 Orientation of the stress tensor for two horizontal wells, injection and 

production,  Case4.1.3 
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Figure 4.20 Stress trajectories for two horizontal wells, injection and production, Case4.1.3 

 

 
Figure 4.21 Pore pressure profiles for two horizontal wells, injection and production,   

Case4.1.4 
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Figure 4.22 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.1.4 

 
Figure 4.23 Stress trajectories for two horizontal wells, injection and production, Case4.1.4 
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Figure 4.24 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.2.1 

 
Figure 4.25 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.2.1 
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Figure 4.26 Stress trajectories for two horizontal wells, injection and production,   Case4.2.1 

 

 
Figure 4.27 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.2.2 
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Figure 4.28 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.2.2 

 
Figure 4.29 Stress trajectories for two horizontal wells, injection and production, Case4.2.2 
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Figure 4.30 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.2.3 

 
Figure 4.31 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.2.3 
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Figure 4.32 Stress trajectories for two horizontal wells, injection and production, Case4.2.3 

 
Figure 4.33 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.3.1 
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Figure 4.34 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.3.1 
 

 
Figure 4.35 Stress trajectories for two horizontal wells, injection and production, Case4.3.1 
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Figure 4.36 Pore pressure profiles for two horizontal wells, injection and production, 
Case4.3.2 

 

 
Figure 4.37 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.3.2 
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Figure 4.38 Stress trajectories for two horizontal wells, injection and production, Case4.3.2 

 

 
Figure 4.39 Pore pressure profiles for two horizontal wells, injection and production, 

Case4.3.3 
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Figure 4.40 Orientation of the stress tensor for two horizontal wells, injection and 

production, Case4.3.3 

 
Figure 4.41 Stress trajectories for two horizontal wells, injection and production, Case4.3.3 
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Figure 4.42 Pore pressure profiles for three horizontal wells, two injectors and one producer, 

Case4.4.1 

 
Figure 4.43 Orientation of the stress tensor for three horizontal wells, two injectors and one 

producer, Case4.4.1 
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Figure 4.44 Stress trajectories for three horizontal wells, two injectors and one producer, 

Case4.4.1 
 

 
Figure 4.45 Pore pressure profiles for three horizontal wells, one injector and two producers, 

Case4.4.2 
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Figure 4.46 Orientation of the stress tensor for three horizontal wells, one injectors and two 

producer, Case4.4.2 
 

 
Figure 4.47 Stress trajectories for three horizontal wells, one injector and two producers, 

Case4.2.2 
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Figure 4.48 Stress trajectories for five horizontal wells, three injectors and one producer, 

Case4.5.1 

 
Figure 4.49 Stress trajectories for five horizontal wells, three injectors and one producer, 

Case4.5.2 
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CHAPTER 5 : STRESS REORIENTATION AROUND WELL 
PATTERNS 

 

The objective of this study is to calculate and analyze the reorientation of 

stresses around multi-well systems or well patterns that include combinations of 

production and injection wells. 
 In situ stress change is believed to be responsible for some 

common well/reservoir problems in oil fields, such as sand production, wellbore 

collapse, and fracture opening/closure. Pore pressure change due to production or 

injection is known as one of the causes of reservoir stress change. This change 

causes redistribution of stresses, which could also lead to reorientation of local 

principal stresses. This chapter presents a study of reservoir stress changes due to 

pressure gradients in different well patterns.  

L ITERATURE REVIEW  

Flow-induced stress change causes redistribution of stresses in reservoirs 

which can lead to reorientation of principal stresses. Stress reorientation has direct 

impact on fracture orientation and thus drainage or flood pattern. Consequently, 

drainage or flood pattern after certain time of production/injection may be 

different from the original expected pattern. Stress reorientation in a multiple-well 

reservoir has been studied [Hidayati and Chen, 2001]. Hidayati and Chen used an 

analytical-based, coupled fluid-stress model is adopted in their study [Hidayati 

and Chen, 2001]. The objective of that chapter is to study stress reorientation in a 

multiple-well reservoir with emphasis on determination of controlling parameters. 

Understanding these parameters may allow to control or anticipate the effect of 

stress reorientation. The result are useful for predicting the orientation of 

hydraulic fracture in infill wells. 
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Multiple wells and variable flow rates are handled by the principle of 

superposition. Flow-induced stress change can cause principal stress direction to 

undergo from gradual to sudden reorientation, or to remain unchanged. Their 

occurrences are time and space dependent, and determined by initial stress 

anisotropy, permeability anisotropy, flow mode (injection/production), and flow 

rate. Well interference is also identified as an important factor affecting stress 

reorientation. Examples of application using stress trajectories to infer knowledge 

of in situ stress field is important for reservoir management.  

The orientation of a hydraulic fracture is influenced by the non-uniform 

stress distribution induced by reservoir production/injection, which tends to 

propagate towards high-pressure region [Bruno and Nakagawa, 1991; Elbel and 

Mack, 1993]. This implies that fracture orientations may not be uniform across 

the field. It can be said that as long as the fluid pressure is not uniform (generally 

is always true for tight reservoirs), then very likely the fracture orientations will 

not be uniform. This argument further points-out that it is important to monitor 

reservoir fluid-pressure and stress changes. The main challenge is how to do it in 

an optimum way (economically and scientifically justifiable). 

 

Analytical Solutions 

An analytical solution to stress reorientation angle has been given as 

[Hidayati and Chen, 2005] 

 

(1 2 )
2 .sin 2

(1 )
2 (1 2 )

[2 .cos2 ] 0 0(1 )

v
g

v
Tan v

g xx yyv

α θ
β

α θ σ σ

−
−= − + −

−
 (5.1) 

The initial horizontal principal stresses in a reservoir (far field stresses) are 

defined in x-y coordinate as σxx0 and σyy0. Poisson’s ration is ν, Biot’s constant is 

α, and g is gravity. Stress reorientation will occur when fluid-flow induces shear 
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stress changes in x-y coordinates. The presence of shear stress in the current stress 

tensor indicates that they are no longer principals. It follows that the current stress 

orientation will be different from its initial orientation. However, Eq. 1.1 suggests 

that shear stress changes in x-y coordinates may not present if g or sin2θ is equal 

to zero. In this case, there are two possibilities. First, the direction of current 

maximum stress coincides with initial maximum stress (no reorientation). Second, 

the directions of current principal stresses are reoriented 90°. 

 

Field Observations and Lab Experiments 

Field studies, using micro-seismic monitoring, presented by Wright et al 

[Wright, 1995; Wright, 1994; Weijers 1992] provide an insight on stress 

reorientation in field.  A summary of these studies have been presented in chapter 

2.  
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STATEMENT OF PROBLEM  

Figure 5.1: Illustration of the problem including wellbore pressure, and in-situ stresses. 

The figure above shows a well bore with prescribed initial and boundary 

conditions for stress and pressure. It can be either a production well or an 

injection well and the corresponding initial and boundary conditions are as 

follows:  

Initial stress in X direction = xxσ  

Initial stress in Y direction = yyσ  

Initial stress in Z direction =zzσ  

Initial pore pressure in the formation = P0 

Normal stress at y=y0 (outer boundary) = yyσ  
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Normal stress at x=x0 (outer boundary) = xxσ  

Pressure at injection well bore (r=rw) = Pwi 

Pressure at production well bore (r=rw) = Pwp 

 Above is the example of five-spot pattern. Different geometries and 

boundary conditions have been used for different well patterns as suited according 

to the problem.  

NUMERICAL MODEL : 

A professional numerical simulation software FLAC has been used for the 

analysis. It uses an explicit finite difference method to obtain a numerical 

solution. The plane strain assumption is made. More details about FLAC are 

given in Chapter one.  Cartesian co-ordinate system has been adopted for this 

problem. The problem is solved in uncoupled mode.  

 

 RESULTS AND ANALYSIS  

Different well patterns and associated nature of stress reorientation has been 

studies based on some cases. Case 5.1.1 is case of two production wells. Case 

5.1.2 is two injection wells and case 5.1.3 is representation of one injection one 

production well. Case 5.2.1, 5.2.2 and 5.2.3 are designed to understand the stress 

reorientation around a 5-spot pattern. Case 5.2.1 solves only a quarter of 5-spot 

pattern that can actually represent stress reorientation around a five spot patterns 

because of symmetry. Case 5.3.1 is line drive and case 5.3.2 is staggered line 

drive. For each case three types of plots are generated. 
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• Plot of effective stress tensor: 

• Isostress plots of maximum stress: 

• Pore pressure contours: 

In all the figures, production well is shown by red dot and injection well is shown 

by blue dot. Results for stress reorientation around each well pattern are described 

below: 

• Case 5.1.1: 

This case demonstrates the stress reorientation around two adjacent 

production wells. Effective maximum stress trajectories tend to go away from 

both wells. It is expected based on the conclusions of chapter 2. Figures 7, 8 and 9 

show stress condition and pressure contours around two wells.  

• Case 5.1.2 : 

This case demonstrates the stress reorientation around two adjacent 

injection wells (Fig. 10, 11 and 12). Effective maximum stress trajectories tend to 

go towards both the wells. It is expected based on the conclusions of chapter 2 

that high pressure zones act as attractors of the maximum stress trajectories. 

These results are consistent with the results of previous researchers as shown in 

Fig. 4 [Hidayati and Chen, 2001]. 

 

• Case 5.1.3: 

This case demonstrates the stress reorientation around a pair of injection 

and production well (Fig. 13 and 14). Effective maximum stress trajectories tend 

to go towards the injection well and away from the production well. It is expected 

based on the conclusions of chapter 2 and it is also consistent with results of 
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previous researchers as shown in Fig. 2 and 3 [Hidayati and Chen, 2001; 

Berchenkot and  Detournay, 1997].  

• Case 5.2.1: 

This is also a case of two wells with one injection and one production well 

(Fig 15, 16, 17). But, because of the symmetries in the problem, it can best 

represent the five-spot well-pattern. In clearly shows that the thumb rules of 

injector acting as attractor and producer acting opposite of that is valid.  

• Case 5.2.2: 

This is case of 5-spot pattern with one production and four injection-wells 

in the geometry under consideration (Fig 18, 19 and 20). It can be noticed that 

maximum stress trajectories are going towards the injection well and away from 

the production well. But, more importantly orthogonal stress reorientation around 

the production well is observed. This phenomenon of orthogonal stress 

reorientation has been discussed in chapter 3 at great length. In this case, 

orthogonal stress reorientation can be explained by the fact that high difference 

between bottom hole pressures of injection and production wells tends to create 

high pressure gradients in the reservoir that in in-tern result in orthogonal 

reorientation.  

• Case 5.2.3 

This case is similar to case 5.2.2. Only bottom hole pressures of injection 

(30.0 MPa as opposed to 39.0 MPa in case 3.2.2) and production wells (18.0 MPa 

as opposed to 8.0 MPa in case 3.2.2) have been changed. In this case orthogonal 

stress reorientation is not observed (Fig. 21). It conforms that orthogonal stress 

reorientation observed in case 3.2.2 is because of high pressure gradients in the 
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reservoir created by high difference in bottom hole pressures of injection and 

production wells.   

• Case 5.3.1: 

This is the case of line drive. Geometry includes 12 injection and 6 

production wells representing one line of production wells and two lines injection 

wells (Fig 22, 23 and 24). It can be seen that orthogonal stress reorientation is 

observed around the production wells. Maximum stress trajectories tend to go 

across the line of production wells and along the line of injection wells.  

• Case 5.3.2: 

This is the case of line drive with unfavorable conditions for reorientation. 

Stress contrast is high and pressure difference between injection and production 

wells is low. Geometry includes 12 injection and 6 production wells representing 

one line of production wells and two lines injection wells (Fig 27, 28 and 29). It 

can be seen that orthogonal stress reorientation is not observed around the 

production wells. A maximum stress trajectory tends to go away from the line of 

production wells and along the line of injection wells, but this effect is very low.  

• Case 5.3.3: 

This is the case of line drive with in-situ high stress contrast (Fig 30, 31 

and 32). Orthogonal stress reorientation is observed around the production wells 

but it is around individual wells and across the line production wells.  

• Case 5.4.1 

This is the case of staggered line drive. Geometry includes 12 injection 

and 6 production wells representing one line of production wells and two lines 

injection wells (Fig 25, 26 and 27). Orthogonal stress reorientation is observed 
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along the line of production wells. These results are consistent with the results of 

Minner (Fig. 6), though his results are for fractured wells [Minner et. al. 2002].  

• Case 5.4.2 

This is the case of staggered line drive with unfavorable conditions i.e. 

high stress contrast and low pressure difference between injection wells and 

production wells. Geometry includes 12 injection and 6 production wells 

representing one line of production wells and two lines injection wells (Fig 33, 34 

and 35). Orthogonal stress reorientation is not observed.  

• Case 5.4.3 

This is the case of staggered line drive (Fig 36, 37 and 38). High stress 

reorientation is observed along the line of production wells but it is not exactly 

orthogonal. These results look very similar to the results of Minner (Fig. 6) 

[Minner et. al. 2002].  

 

CONCLUSION  

  Stress reorientation patterns around various well patterns are consistent 

with the basic conclusions of chapter two and chapter three. The stress trajectory 

plots for different well patterns presented in this chapter are presented only for 

some simplified oil reservoirs. In the actual field conditions may be very different 

from the theoretical cases presented in this study. But, the systematic approach of 

this chapter stating from two well cases to multi-well patterns enables the reader 

to be have a grasp on the topic of reorientation in oil reservoirs. In fact, a reading 
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from chapter one to five of this study can enable the reader to qualitatively predict 

the effect of different pressure and stress conditions in the reservoir. Stress 

reorientation plots of five spot patterns; line drive, staggered line drive etc make 

the concept of reorientation even clearer.  
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Table 5-1 Two well case and five spot pattern case 
Properties Case 

5.1.1 
Case 5.1.2 Case 5.1.3 Case 5.2.1 Case 5.2.2 

Sxx (MPa) 39.0  
 

39.0   39.0  
 

40.0  
 

40.0  
 

Syy (MPa) 41.3 . 
 

41.3 . 
 

41.3. 
 

41.3  
 

41.3  
 

Szz(MPa) 62.4  62.4  62.4  62.4  62.4  
Shear modulus (Pa) 1.5 × 109  

 
1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

Bulk modulus(Pa) 1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

Porosity  0.3 
 

0.3 
 

0.3 
 

0.3 
 

0.3 
 

Biot coefficient  1.0 
 

1.0 
 

1.0 
 

1.0 
 

1.0 
 

Biot modulus 2.49 × 
108  
 

2.49 × 108  
 

2.49 × 108  
 

2.49 × 108  
 

2.49 × 108  
 

Mobility coefficient  
(m/sec)/(Pa/m) 
 

5.0 × 10-
11 

 

5.0 × 10-11 

 
5.0 × 10-11 

 
5.0 × 10-11 

 
5.0 × 10-11 

 

Initial pore pressure 
(MPa) 

24.1  24.1  24.1  24.1  24.1  

Bore hole radius 0.12 m 0.12 m 0.12 m 0.12 m 0.12 m 
Well bore pressures 
(MPa) 

39.0/8.1 
 

39.0/18.1 
 

39.0/18.1 
 

39.0/8.1 
 

8.1/39.0/3
9.0/ 
39.0/39.0 
 

Pattern  Two 
wells  

Two wells  Two wells 5-spot  5-spot 
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Table 5-2 Cases for five spot pattern, line drive and staggered line drive 
Properties Case 

5.2.3 
Case 
5.3.1  

Case 
5.3.2 

Case 
5.3.3 

Case 
5.4.1 

Case 
5.4.2 

Case 
5.4.3 

Sxx (MPa) 40.0  
 

36.0 35.0 36.0 39.0 35.0 36.0 

Syy (MPa) 41.3. 
 

41.3  
 

41.3  
 

41.3  
 

41.3  
 

41.3  
 

41.3  
 

Szz (MPa) 62.4  62.4  62.4 62.4 62.4 62.4 62.4 
shear modulus (Pa) 1.5 × 109  

 
1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 
109  
 

1.5 × 109  
 

Bulk modulus (Pa) 1.5 × 109 
 

1.5 × 109 
 

1.5 × 109  
 

1.5 × 109  
 

1.5 × 109 
 

1.5 × 
109  
 

1.5 × 109  
 

Porosity  0.3 
 

0.3 
 

0.3 
 

0.3 
 

0.3 
 

0.3 
 

0.3 
 

Biot coefficient  1.0 
 

1.0 
 

1.0 
 

1.0 
 

1.0 
 

1.0 
 

1.0 
 

Biot modulus 2.49 × 
108  
 

2.49 × 
108  
 

2.49 × 
108  
 

2.49 × 
108  
 

2.49 × 
108  
 

2.49 × 
108  
 

2.49 × 
108  
 

Mobility coefficient  
(k) (m/sec)/(Pa/m) 

5.0 × 10-
11 

 

5.0 × 10-
11 

 

5.0 × 10-
11 

 

5.0 × 10-
11 

 

5.0 × 10-
11 

 

5.0 × 
10-11 

 

5.0 × 10-
11 

 
Initial pore pressure 24.1 

MPa 
24.1 MPa 24.1 MPa 24.1 

MPa 
24.1 
MPa 

24.1 
MPa 

24.1 
MPa 

Bore hole radius 0.12 m 0.12 m 0.12 m 0.12 m 0.12 m 0.12 m 0.12 m 
Well bore pressure 
(MPa) 

18.1/30.
0/30.0/3
0.0/30.0 

39.0/8.1  30.0/8.0 39.0/8.1 39.0/8.1 30.0/8.0 39.0/8.1 

Pattern  5-spot Line 
drive  

Line 
drive  

Line 
drive  

Staggere
d line 
drive 

Stagger
ed line 
drive 

Staggere
d line 
drive 
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Figure 5.2  Illustration of deviation of fracture (Berchenkot and  Detournay, 1997) 

 

Figure 5.3 Stress reorientation around one injection and one production well, (Hidayati and 
Chen, 2001) 
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Figure 5.4 Stress reorientation around two injection wells (Hidayati and Chen, 2001) 
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Figure 5.5 Stress reorientation in an oil field (Hidayati and Chen, 2001) 
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Figure 5.6 Stress reorientation around line drive (Minner at. Al. 2002) 

 
 

 
Figure 5.7 Case 5.1.1, Stress trajectories around production wells 
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Figure 5.8 Case 5.1.1, pressure contours around production wells 

 
Figure 5.9 Case 5.1.1, stress tensors around production wells 
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Figure 5.10 Case 5.1.2, stress trajectories around injection wells 

 

 
Figure 5.11 Case 5.1.2, pressure contours around injection wells 
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Figure 5.12 Case 5.1.2, stress tensors around injection wells 

 

 
Figure 5.13 Case 5.1.3, stress trajectories around injection well and production well 
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Figure 5.14 Case 5.1.3, Pressure contours around injection well and production well 

 

 
Figure 5.15 Case 5.2.1, Stress trajectories around injection well and production well (it 

represents quarter of a 5-spot as 5-spot is a symmetric system) 



 

 186 

 
Figure 5.16 Case 5.2.1, Pressure contours around injection well and production well (it 

represents quarter of a 5-spot as 5-spot is a symmetric system) 

 
Figure 5.17 Case 5.2.1, Stress tensors around injection well and production well (it 

represents quarter of a 5-spot as 5-spot is a symmetric system) 
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Figure 5.18 Case 5.2.2, Stress trajectories around a 5-spot pattern 

 
Figure 5.19 Case 5.2.2, Pressure contours around a 5-spot pattern 
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Figure 5.20 Case 5.2.2, Stress tensors around a 5-spot pattern 

 

 
Figure 5.21 Case 5.2.3, Stress trajectories around a 5-spot pattern 
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Figure 5.22 Case 5.3.1, Stress trajectories around a line drive pattern 
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Figure 5.23 Case 5.3.1, Pressure contours around a line drive pattern 
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Figure 5.24 Case 5.3.1, Stress tensors around a line drive pattern 
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Figure 5.25 Case 5.4.1, Stress trajectories around a line drive pattern 
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Figure 5.26 Case 5.4.1, Pressure contours around a line drive pattern 
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Figure 5.27 Case 5.4.1, Stress tensors around a line drive pattern 
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Figure 5.28 Line drive, Case 5.3.2 
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Figure 5.29 Line drive, pore pressure contours 
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Figure 5.30 Line drive, stress tensors 

 



 

 198 

 
Figure 5.31 Line drive Case 5.3.3 
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Figure 5.32 Staggered line drive 
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Figure 5.33 Staggered line drive 
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Figure 5.34 Staggered line drive  Case 5.4.2 
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Figure 5.35 Staggered line drive stress tensors 
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Figure 5.36 Case 5.4.3, Staggered line drive-stress trajectories 
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Figure 5.37 Staggered line drive pressure distribution 
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Figure 5.38 Staggered line drive stress tensors 
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