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ABSTRACT 

 

 

 

 

Recently, there has been considerable interest in the study of coupled fluid flow 

– geomechanics simulation, integrated into reservoir engineering. One of the most 

challenging problems in the petroleum industry is the understanding and predicting of 

subsidence at the surface due to formation compaction at depth, the result of 

withdrawal of fluid from a reservoir. In some oil fields, the compacting reservoir can 

support oil and gas production. However, the effects of compaction and subsidence 

may be linked to expenditures of millions of dollars in remedial work. The 

phenomena can also cause excessive stress at the well casing and within the 

completion zone where collapse of structural integrity could lead to loss of 

production. In addition, surface subsidence can result in problems at the wellhead or 

with pipeline systems and platform foundations.  

Recorded practice reveals that although these problems can be observed and 

measured, the technical methods to do this involve time, expense, with consideration 

uncertainty in expected compaction and are often not carried out. Alternatively, 

prediction of compaction and subsidence can be done using numerical reservoir 

simulation to estimate the extent of damage and assess measurement procedures. 

With regard to reservoir simulation approaches, most of the previous research and 

investigations are based on deterministic coupled theory applied to continuum porous 

media. In this work, uncertainty of parameters in reservoir is also considered. 

This thesis firstly investigates and reviews fully coupled fluid flow – 

geomechanics modeling theory as applied to reservoir engineering and geomechanics 

research. A finite element method is applied for solving the governing fully coupled 

equations. Also simplified analytical solutions that present more efficient methods for 

estimating compaction and subsidence are reviewed. These equations are used in 

uncertainty and stochastic simulations. Secondly, porosity and permeability variations 

can occur as a result of compaction. The research will explore changes of porosity 

and permeability in stress sensitive reservoirs. Thirdly, the content of this thesis 

incorporates the effects of large structures on stress variability and the impact of large 
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structural features on compaction. Finally, this thesis deals with affect of pore 

collapse on multiphase fluid and rock properties. A test case from Venezuelan field is 

considered in detail; investigating reservoir performance and resultant compaction 

and subsidence. 

The research concludes that the application of coupled fluid flow – 

geomechanics modeling is paramount in estimating compaction and subsidence in oil 

fields. The governing equations that represent behaviour of fluid flow and 

deformation of the rock have been taken into account as well as the link between 

increasing effective stress and permeability/porosity. From both theory and 

experiment, this thesis shows that the influence of effective stress on the change in 

permeability is larger than the effect of reduction in porosity. In addition, the 

stochastic approach used has the advantage of covering the impact of uncertainty 

when predicting subsidence and compaction.  

This thesis also demonstrates the influence of a large structure (i.e. a fault) on 

stress regimes. Mathematical models are derived for each fault model to estimate the 

perturbed stress. All models are based on Mohr–Coulomb’s failure criteria in a 

faulted area.  The analysis of different stress regimes due to nearby faults shows that 

effective stress regimes vary significantly compared to a conventional model. 

Subsequently, the selection of fault models, fault friction, internal friction angle and 

Poisson’s ratio are most important to assess the influence of the discontinuity on the 

reservoir compaction and subsidence because it can cause a significant change in 

stress regimes.  

To deal with multiphase flow in compacting reservoirs, this thesis presents a 

new method to generate the relative permeability curves in a compacting reservoir. 

The principle for calculating the new values of irreducible water saturation (Swir) due 

to compaction is demonstrated in this research. Using coupled reservoir simulators, 

fluid production due to compaction is simulated more comprehensively. In the case 

example presented, water production is reduced by approximately 70% compared to 

conventional modeling which does not consider changes in relative permeability. This 

project can be extended by applying the theory and practical methodologies 

developed to other case studies, where compaction and stress sensitivity dominate the 

drive mechanism. 
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CHAPTER 1: LITERATURE REVIEW ON COUPLED SIMULATION 

AND COMPACTION RESEARCH 

 

 

1.1 Problem statement 

Recently, considerable interest has been generated in the study of coupled fluid 

flow-geomechanics simulations integrated into reservoir engineering due to its 

relevance to many issues in oil field development. One of the most serious problems 

which could potentially cost millions of dollars, is ground subsidence caused 

indirectly as a result of petroleum production and the resulting compaction (Geertma 

1973; Merle et al. 1976; Gutierrez 1994). Principally, the pore pressure decreases in 

the reservoir when oil and gas is produced. This phenomenon results in an increase in 

effective stress acting on the solid skeleton and compaction of the reservoir takes 

place. Consequently, the ground surface or seafloor can subside. Although, in some 

oil fields, the compacting reservoir can be considered as a support for enhancing 

petroleum production (Merle et al. 1976), the phenomena can cause excessive stress at 

the well casing and within the completion zone where collapse of structural integrity 

could lead to failure and lost production. In addition, surface subsidence also results 

in problems at the wellhead, pipeline systems and platform foundations.  

Although subsidence and compaction can be observed and measured by many 

technical methods it usually takes time, significant expense and hence is not often 

performed unless serious problems arise post-production. Alternative, prediction of 

compaction and subsidence can be done using reservoir simulation that using 
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numerical methods. With regard to reservoir simulation approaches, most of the 

previous research on this topic and prior investigations are based on coupled theory 

applied to continuum porous media in which coupled equations between fluid flow 

and rock behavior are solved simultaneously. However, dealing with uncertainty of 

input reservoir parameters, the influence of large structure and aspects of multiphase 

flow in prediction of subsidence and compaction are still areas for continued research.  

The following section presents a concise description of the thesis content 

through literature review related to the development of the mathematical models 

related to coupled theory as applied to stress sensitive reservoir. The applications of 

stochastic methods as applied to compaction and subsidence are also discussed. 

1.2 Summary of literature and thesis overview 

1.2.1 Coupling of fluid flow and rock deformation. 

In the last century, industry and academia have tried to build a fully coupled 

model for applications in reservoir simulation that applying to solve many problems 

such as ground subsidence, reservoir compaction, well-bore stability and hydraulic 

fracturing. Originally, coupled formulations of deformation and fluid flow were first 

analyzed by Terzaghi (1925; 1943) as a problem in  material consolidation. 

Subsequent to this, Biot (1940) focused on extending Terzaghi’s theory to three 

dimensions. Also, focusing on a linear stress-strain relationship and single-phase fluid 

flow, both Terzaghi’s and Biot’s analyses are linear, and solutions have not been 

extended to non-linear systems. Following their work, coupled models have existed 

not only in petroleum engineering but also in civil engineering, geotechnical 

engineering and rock mechanics. These include Sandhu and Wilson (1969), 

Ghaboussi and Wilson (1973), Gambolati and Freeze (1973), Noorishad et al. (1982) 
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which are some of the earliest coupled hydromechanical models. In recent years, 

Gutierrez (1994) presented the general equations and theory of a fully coupled 

analysis for hydrocarbon reservoir compaction and subsidence. Gutierrez showed that 

compaction drive could not be properly represented by simply adjusting the value of 

rock compressibility used in traditional reservoir simulation. Also Chen et al. (1995) 

extended Biot’s two phase, isothermal and linear poroelastic theory for porous fluid-

flow modeling. Their theory can be applied for coupled rock mechanics and fluid flow 

problems. McKinley (1998) investigated coupled consolidation for a radial coordinate 

system and he derived a new formulation for the plane strain axisymmetric 

consolidation problem. Although the work presents results for coupling effects, only 

the finite difference method was used for numerical computation. Bai et al. (1999) 

developed the dual porosity poroelastic model and applied it using cylindrical 

coordinate system. Their research shows good results for the simplified axisymmetric 

configuration. The numerical analysis attempted to replicate laboratory experiments, 

where both divergent flow through a centrally located borehole, and point injection 

and collection across a cylindrical rock specimen are incorporated. However, Bai’s et 

al. research did not mention how to apply a new coupling porosity value at each time 

step. Chin et al. (2000) developed a fully coupled fluid flow – geomechanics model of 

wells with stress dependence. However, the limitation of the theory is that it is 

applicable only to two dimensions and only using Cartesian coordinates. In advancing 

research, Wan (2003) developed a new framework for coupled analyses, using a 

stabilized finite element method for the force balance equations. Although the studies 

were applied to fully coupled models, they were also restricted to two dimensions and 

the numerical method used was the control volume finite difference method, which 

solved the remaining component mass balance equations. Alternatively, Sansour 
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(2003) proposed a theory developed for biomedical research that is equally applicable 

to petroleum engineering and is described herein. In Sansour’s coupled theory, the 

porosity values are updated at each calculation time step and integration point. The 

advantage allows for application to models with inhomogeneous porosity distribution. 

1.2.2 Stress sensitive permeability and porosity 

A clear understanding of rock stress and its effect on permeability and porosity 

is important in a coupled simulation where fluid production causes a significant 

increase in the effective stress within a reservoir. Changing the in situ rock stress state 

can alter reservoir properties. For example, porosity and permeability can be affected 

due to the rearrangement of rock particles and the redistribution of stress associated 

with sensitive pore structures. 

In the past, a variety of laboratory based testing procedures to measure 

permeability under in situ stress conditions have been used. Some of the earliest work 

relating to sensitivity of permeability due to stress variation was presented 

analytically with permeability measurements conducted for gas well testing (Vairogs, 

Hearn et al. 1971). Skin values for the gas well tests were found to vary as 

permeability decreased during production, resulting from the permeability reduction 

near the well-bore; the inclusion of stress sensitive permeability effects altered the 

welltest analysis significantly. Most authors reached the conclusion that permeability 

is reduced from 10% to 30% when confining stress was increased in a range of 

1000psi - 8000psi (Holt 1990; Warpinski and Teufel 1992). Further results showed 

that the reduction of permeability in a low permeability core is proportionally greater 

than the reduction of permeability in a high permeability core (Vairogs and Rhoades 

1973). The above non-linear effect implies that only certain rock types will 
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demonstrate significant stress sensitive permeability. Consequently, reduction of 

permeability is dependent on lithology (John, David et al. 1998) and it will also be 

case-specific. Some work has been done in characterizing the stress sensitivity of 

various rock types, but no absolute method has been found to determine where a cut-

off occurs. Certainly, it is generally considered important to incorporate stress 

sensitive permeability for tight gas reservoirs where the permeability value is a 

dominant factor for investigating the behaviors of fluid flow. A thorough review of 

hydro-mechanical testing procedures was carried out by Heiland (2003) where three 

laboratory procedures were described. In most cases a decrease in permeability 

occurred with increasing stress. One exception to this is, when under triaxial 

conditions, dilatancy leading to brittle failure occurs so that high shear stresses acted 

to give rise to increased permeability.  

The influence of temperature on permeability was also investigated to 

understand the reduction of permeability in reservoir Gobran et al. (1987). This 

research showed the association of absolute permeability as a function of confining 

pressure, pore pressure and temperature. The conclusion reached was that 

permeability was independent of temperature but was a linear function of confining 

pressure. 

Jelmert et al. (2000) investigated correlations between permeability and 

effective stress, reviewing power-law relationships and stating that straight-line 

correlations were inappropriate as opposed to polynomial fits to averaged core data. 

Warpinski and Teufel (1992) had previously fitted polynomial equations to 

experimental results. The reduction of permeability with effective stress increase is 

discussed further and mathematical relationships are summarized by Nathenson 

(1999). 
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A number of field studies relating to compaction and subsidence in the North 

Sea have also shown that permeability changes during production significantly 

influenced the stress path of the reservoir (Rhett and Teufel 1992; Economides, 

Buchsteiner et al. 1994). Consequently, there is no doubt that the constant 

permeability values assumed in a conventional reservoir simulation may result in 

considerable errors. Ambastha and Meng (1996) presented alternative one-parameter 

and two-parameter models to calculate a permeability modulus that can be applied to 

produce a more accurate transient analysis in conventional fluid equations. Although 

these models look promising, the authors do not discuss the correlation between the 

reduction of reservoir pressure and effective stress resulting in the reduction of 

permeability. The influence of the stress path under varying reservoir conditions was 

discussed by Mashiur and Teufel (1996). Importantly their results demonstrated that 

sensitivity of permeability to stress perturbation was not only dependent on effective 

stress but also on the size, geometry and other reservoir properties (i.e. reservoir 

boundary conditions). These experimental results on stress sensitivity demonstrated 

that the trend of maximum permeability is parallel to the maximum principal stress 

and the magnitude of permeability anisotropy also increases for lower stress paths. To 

deal numerically with the stress sensitive permeability problem, Mashiur and Teufel 

(1996) used the finite element method that is more rigorous in solving stress and fluid 

flow equations simultaneously. It is certain that permeability is a function of effective 

stress. In turn, production conditions will directly influence the reservoir condition 

where effective stress is one of the most important properties. In a detailed break-

down of the numerical modeling methodology for permeability variation within a 

producing reservoir, Osorio et al. (1997) showed that the most sensitive stress 

permeability region is near the well-bore and within the production zone. The effect 
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of stress on permeability decreases far from the well-bore where the change in local 

effective stress is insignificant. Osorio et al. also incorporated the stress – 

permeability relationship into his model by incorporating generic relationships for 

shear modulus, bulk compressibility, and permeability against effective stress. 

1.2.3 Numerical scheme – Finite element advancement 

Conservation of mass and momentum as well as Darcy’s law govern the 

behavior of fluid in a porous media. These physical laws are represented 

mathematically by a set of partial differential equations. The differential equations 

that explain the behavior of the system in general way are usually difficult to solve. 

With the advent of high performance computers, it is possible to solve such 

differential equations. Various numerical solution techniques have been developed 

and applied to deal with these differential equations in order to find their approximate 

solution. Each numerical method has both advantages and disadvantages in term of 

solving the governing equations. For example, the finite difference method that is 

commonly used in a simulator for solving the momentum governing equations (with 

corner point grid) does not contain any correction terms for non-orthogonal, skewed 

grids. Although the simulator can be faster in computation, it can lead to unacceptable 

errors if these types skewed corner-point grids are present in the simulation (Eclipse 

2005a). Nowadays, the finite element method is one of the major numerical solution 

techniques. The Galerkin finite element method is chosen because of its ability to 

handle anisotropic and heterogeneous regions with complex boundaries (Young’s and 

Hyochong 1996). Sansour (2003) applied the generic Galerkin finite element method 

to solve problems in both biomechanics and porous media related problems.  In 

addition, the finite element method retains second order accuracy when the grid points 
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are skewed as discussed earlier. This is particularly important for modeling complex 

pore structure. In this research, the finite element method is chosen to solve the 

governing differential equations in coupled reservoir engineering. 

1.2.4 Uncertainty in subsidence and compaction research 

As mentioned, the need for a more reliable predicting approach in assessing the 

impact of subsidence and compaction on production management of the reservoir has 

led to a continuous improvement of numerical models employed. Such approaches 

use the continuum poroelastic theory. For example, the use of advanced models for 

accurate prediction of land subsidence were documented by Gambolati et al. (2001) 

and Ta et al. (2005). However, although sophisticated poroelastic constitutive models 

have been developed for a realistic description of the actual rock mass behavior (Biot 

1940; Gutierrez 1994; Terry, Garfield et al. 2000), the geomechanical analysis of 

producing fields is usually performed deterministically, thus limiting breadth of 

solution and sensitivities involved. While geostatistical models have been extensively 

used over the last few decades for modeling fluid flow and transport in random porous 

media, only a limited number of studies have addressed the benefit of using stochastic 

– based approaches to assess the effect of rock properties on the geomechanical 

behavior of the reservoir (Diego, Marcio et al. 2004).  

1.2.5 Multiphase continua in the coupled model 

Unlike classical single-phase continua that have homogeneous bodies (ideal 

material); multi-phase continua incorporate homogeneous bodies with internal 

interaction. In general, multi-phase continua also consist of solid part and liquid or 

gas parts and sometimes of other chemical constituents. As is known, the multi-phase 
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continua can be found in several areas of engineering. The skeleton of such material 

has pores (porous) that can be filled with liquid or gas. There is no information about 

the geometry of the internal pore structure. The solid and liquid have different 

motions and due to these different motions and the different material properties, there 

is interaction between the constituents. This makes the description of the mechanical 

or thermodynamical behavior difficult. The classical continuum mechanics therefore 

normally do not fully answer the questions concerning the change in pore structure 

and the different motions of the constituents.  

Until now, the change in multiphase fluid properties and rock properties due to 

compaction happening in the reservoir is not fully understood. Most current research 

focus on numerical methods and solvers to get the compaction and subsidence results 

(Eclipse 2005a, Wan 2003). The behavior of the reservoir when compaction happens 

is still simplified. As a result, the influence of pore collapse on multiphase fluid and 

rock properties is also ignored with reservoir simulation, subsequently leading 

overestimating of subsidence and compaction variation. 

1.3 Research objectives 

Based on the above thesis overview and literature, to gain insight into the 

objectives in coupled rock deformation and fluid flow research, it is evident that many 

tools can be used: 

 Field measurement of subsidence and compaction data including wellbore failure, 

borehole instability and stress field over production time; 

 Rock and fluid properties from experiment in the laboratory, and 
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 Mathematic models to deal with the interaction between rock deformation and 

behavior of fluid in the reservoir. 

To date, although there are many existing fully coupled mathematics models 

used, few of the fully coupled mathematics models applied in radial coordinate 

system have been utilized to specifically study compaction and subsidence caused 

from fluid withdrawal. In addition, due to high cost, most subsidence and compaction 

measurements in both the field and laboratory are usually noted and performed in big 

fields. More advance use of multiphase continua theory has also not been 

comprehensively used in application of reservoir simulation. Moreover, taking into 

account uncertainty and using stochastic based simulation are also not commonly 

used in the area of compaction and subsidence estimation.  On the other hand, some 

published papers have take into account the stress sensitive permeability and porosity 

effects on subsidence and compaction, but results are still in debating. Results seem 

case-specific and vary with different parameters. Thus, the main objective of this 

thesis is to provide a detail theory and show how to create and integrate all these 

above aspects applying in petroleum industry (Figure 1-1). 
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Field Applications

Compaction/subsidence
New relative permeability curves
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Advance in multiphase
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Stress sensitive
permeability and porosity

(Chapter 4)

Simplified coupled
governing equations

(Chapter 3)

Monte Carlo
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Influence of large
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(Chapter 5)

Discussions
Conclusions
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equation, Darcy's law
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Reservoir
Compaction/subsidence

Numerical method
(FEM)

 

Figure 1-1: Flow chart showing objectives of the PhD research. 
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1.4 Outline of the thesis. 

Chapter 1 has covered the general introduction relating to subsidence and 

compaction and defining the problems. A critical review of all aspects related to the 

research is also included. 

Chapter 2 derives the equation for fully coupled fluid flow – geomechanics 

model theory as applied to reservoir engineering and rock mechanics research. The 

finite element method is applied for solving the governing fully coupled fluid flow – 

geomechanics model. Simplified solutions are presented that can be used quickly for 

estimating compaction and subsidence. These equations will be incorporated into 

uncertainty and stochastic – based simulations in the following chapters. 

The impact of uncertainty and stochastic to subsidence and compaction is 

presented in Chapter 3. In this chapter, principal of statistics relating to Monte Carlo 

simulation are addressed as a potential tool for ascertaining uncertainty and model 

input variability. 

Chapter 4 focuses more on porosity and permeability relationships in stress 

sensitive reservoir. This chapter presents the experimental equations suited for the 

relationship between permeability and porosity or the relationship between 

permeability and effective stress. Comparisons simulations using these relationships 

are implemented in the coupled reservoir simulation code. Core data from South 

Australia Petroleum fields are shown as a case example. 

Chapter 5 shows the principle for the influence of a large structure (i.e fault) on 

compaction and subsidence and stress variability around large structural features. 

Also, sensitivity of permeability to stress perturbation and influence of a discontinuity 

on permeability is included and assessed.  
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Chapter 6 concentrates on change in multiphase fluid properties and rock 

properties due to compaction happening in the reservoir. The influence of pore 

collapse will be investigated in detail with coupled reservoir simulation, subsequently 

leading understanding of subsidence and compaction variation. A real field 

application in Venezuela is used where reservoir simulation provides estimation of 

compaction and subsidence as a result of pore collapse. 

Discussions, conclusions and recommendations for future work are presented in 

chapter 7 and chapter 8. 

 



Chapter 2: The continuum mechanics theory applied to coupled reservoir engineering 

particularly in subsidence and compaction research  

 14

CHAPTER 2: THE CONTINUUM MECHANICS THEORY APPLIED 

TO COUPLED RESERVOIR ENGINEERING PARTICULARLY IN 

SUBSIDENCE AND COMPACTION RESEARCH 

 

 

2.1 Introduction 

The previous chapter presented a general literature review on compaction and 

subsidence and all other relevant aspects of research. This chapter presents particular 

the theories of continuum porous mechanics applied for subsidence and compaction 

simulation. This chapter also reviews the relevant literature in accordance with the 

objectives of this chapter focusing on the radial coupled model. The study also shows 

the simplified-coupled model. 

The objectives of the chapter: 

 Overviewing equations for fully coupled fluid flow – geomechanics model theory. 

 Deriving the equations for radial model based on the coupled fluid flow – 

geomechanics theory as applied to compaction and subsidence in reservoir 

engineering. 

 Finite element method is applied for solving the governing fully coupled fluid 

flow – geomechanics model. 
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 Simplified solutions are also presented which can be used for quickly estimating 

compaction and subsidence. These equations will be put into uncertainty and 

stochastic simulations in chapter 3. 

2.2 Fundamental theories 

The first step before presenting the coupled theory applied in compaction and 

subsidence is to define some basics of continuum mechanics. 

2.2.1 Liner elasticity definition  

Force 

Base on Newton’s second law, force (F) is an influence that may cause a body 

with mass (m) to acceleration (a) defined as 

 F = ma (2-1) 

Stress 

As general definition, stress is a measure of force intensity, which is also 

directional quantity measured by unit force (F) acting through the unit section (A) 

 
A
Fσ =  (2-2) 

The orientation of the cross section relative to direction of force is important. A 

force can be divided in to two components 

Normal stress σn is the stress normal to the cross section 

 
A

n
n

Fσ =  (2-3) 

Shear stress σs is the stress parallel to the section 
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A

p
s

F
σ =  (2-4) 

Stress & Pressure 

According to Hillis (2005) both stress and pressure given by F/A, but stress is a 

tensor with normal stress and shear stress, whereas pressure (P) implies stresses in all 

directions are equal (e.g. hydrostatic) 

 

 

 

 

 

 

 

Stress & Strain 

Strain is defined as fractional change in length (L) or volume (V) 

 L/L∂=ε or V/V∂=ε  (2-5) 

The relationship between stress and strain in elastic theory is called the elastic 

modulus (E) 

 
ε
σ

=E  (2-6) 

Poisson’s ratio (ν) 

Poisson’s ratio is the constant rate of lateral strain and longitudinal strain 

σh 

σH 

σv 
P 

P 

P 
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y

x

ε
ε

−=ν  (2-7) 

2.2.2 Kinematics 

Continuum mechanics deals with the mechanics of deformation and flow of 

materials under the assumption that all material bodies have continuous distribution of 

matter. It applies the laws of Newtonian mechanics to a deformable medium in 

suitable forms as well as developing constitutive laws, i.e. response of different 

categories of materials to external load in some idealized manner.  

In mechanics of solids, the behavior of solids suggests that the material has 

memory; i.e. the past configurations of the body influence the state of stress at the 

current configuration. If the behavior of the body is purely elastic and the external 

load is withdrawn, the body will return to its original undeformed configuration (as if 

it remembers where it was initially). So reference configuration is a natural way for 

reference. In fluid dynamical problem in general, no such natural undeformed state 

exists. The fluid has no memory. After the fluid has undergone motion it doesn’t 

come back to its original configuration after the forces causing the motion are 

withdrawn. The same is true for deformation of solids in the plastic zone. Reference 

state doesn’t come naturally. Only the instantaneous values at the current 

configuration are important, although we can always refer to a configuration at a 

certain time, say, t0, and study the motion of this configuration with time. In general 

the reference configuration need not be the undeformed state. It can be any 

configuration during the deformation process, say, at time t0.  

We define 
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( ) ( ) ( )
X
..Grad.

∂
∂

==∇  

( ) ( ) ( )
x
..grad.

∂
∂

==∇  

E = Green strain tensor 

C = Right Cauchy-Green deformation tensor 

gi = Tangent vectors 

dV = Referential volume element 

dv = Current volume element 

( )Xx ϕ=  

u = Displacement 

ρref = Density at the reference configuration 

ρ = Density at the current configuration 

F = Deformation gradient =
X
x

∂
∂  

J = Jacobian = det(F) 

n = Normal vector 

According to Sansour (2003), we have 

 Jρ = ρref (2-8) 

 JdV = dv (2-9)  

 F = 1 +u (2-10) 

 C = FTF = 1 + ∇ u + (∇ u)T + (∇ u)T (∇ u) (2-11) 

 E =
2
1

(C − 1) =
2
1

(∇ u + (∇ u)T + (∇ u)T (∇ u)) (2-12) 
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The velocity of the deformation gradient is given as: 

 1
..

FFllFF −=⇒=  (2-13) 

 ( ) vu
Dt
DuF

..
∇=∇=∇=  (2-14) 

 
x
XF

X
xF 1

∂
∂

=⇒
∂
∂

= −  (2-15) 

From (2-13), (2-14) and (2-15) follows 

 ( )vgrad
x
v

x
X

X
v

x
Xvl =

∂
∂

=
∂
∂

∂
∂

=
∂
∂

∇=  (2-16) 

 iii

.

i

.

ii lglFGGFgFGg ===⇒=  (2-17) 

The decomposition holds: 

 l = d + w  (2-18) 

with 

 ( )Tll
2
1d +=  (2-19) 

 ( )Tll
2
1w −=  (2-20) 

 ( ) i

.

i gwdg +=⇒  (2-21) 

 

The deformation gradient F operates on a material line element dX giving dx at 

the current position. The deformation tensor C defines a metric on the deformed 

space, i.e., it gives a measure of the length of material line elements in the deformed 
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space. It also allows for the measurement of angles between two material line 

elements as well. C is a unit tensor at the reference configuration by definition. Strain 

tensor E gives the change in squired length of a material line element after 

deformation. E is a null tensor at reference configuration. The Jacobian J is the 

determinant of F and it physically shows the factor by which a material volume 

element dV is contracted or expanded after deformation and becomes dv. All the 

above quantities are to be understood in a local sense. In general they will vary from 

one material point to the next. 

2.3 Principle laws 

All material should follow with the conservation laws of physics where physical 

quantity is conserved; examples of such quantities are mass, electric charges and 

momentum. When we impose the fundamental laws of nature on the material body we 

can derive the basic equations of continuum mechanics valid for all types of materials, 

containing unknown variables of interest. This system of equations must be 

supplemented with constitutive laws to get specific solution for specific material 

behavior. 

2.3.1 Conservation of mass 

 ∫∫ =ρ⇒=ρ
B

ref
B

ref 0dV
Dt
DconstdV  (2-22) 

So 

 0ref

.
=ρ  (2-23) 
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The mass conservation law means at the rate of changing the mass is equal to 

zero. 

 ( )∫∫∫ =ρ=ρ⇒=ρ
tt BBB

0dv
J
1J

Dt
DJdV

Dt
Dconstdv  (2-24) 

 ⇒
( ) 0

J
J
.

=
ρ  (2-25) 

 ⇒ ( ) 0J
.
=ρ  (2-26) 

 ⇒ 0JJ
..
=ρ+ρ   (2-27) 

Now, we try to get an expression for 
.
J  

 ( ) TFFdet
F

Fdet −=
∂

∂  (2-28) 

⇒  ( ) ( ) ( )
ij

.

ij

..
F

F
FdetF:

F
FdetFdet

Dt
DJ

∂
∂

=
∂

∂
==  (2-29) 

 
( )

( )
( )trlFdet

trlFdet
1:FF.FdetJ

T

.
TT

.

=
=

= −

  (2-30) 

 

So 

 
i

i
.

x
vJJ
∂
∂

=  (2-30) 

From Equation 2-27 

We have  
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 0
J
J
.

.
=ρ+ρ  (2-31) 

 ⇒ 0
x
v

i

i
.

=
∂
∂

ρ+ρ  (2-32) 

So 

 ( ) 0vdiv
.

=ρ+ρ  (2-33) 

2.3.2 Balance of momentum 

For a continuum, conservation of momentum is expressed as follow: The rate of 

the change in linear momentum which instantaneously lies within a fixed region B is 

proportional to the resultant force applied to the material occupying B. 

Definitions:  

Force per volume: 
V
Flim

VV ∆
∆

=
δ→∆

b  

 Force per surface: 
a
Flim

aa ∆
∆

=
δ→∆

t  

Where ∆V, ∆a are of sufficiently small values 

 ∫∫∫ ρ=+
∂ ttt B

.

BB

dv
Dt
Ddadv xtb  (2-34) 

 ( )∫∫ ρ=ρ
B

.

B

.
dV

Dt
Ddv

Dt
D

t

Jxx  (2-35) 

 ∫ρ=
B

.

ref dV
Dt
D x  (2-36) 

 ∫ρ=
tB

..

ref dvx  (2-37) 
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and, from Cauchy-Lemma t=σn and we can convert the surface integral to a 

volume integral using Gauss’s divergence theorem. 

 ∫∫∫ ρ=+
∂ ttt B

..

BB

dvdadv xtb  (2-38) 

So 

 ( )
..

div xσb ρ=+  (2-39) 

⇒ Momentum balance equation! 

 

2.3.3 The balance of angular momentum 

Moment of momentum is the phrase used to designate the moment of the linear 

momentum with respect to some point. This vector quantity is also frequently called 

the angular momentum of the body. The principle of angular momentum states that 

the time rate of the change in the moment of momentum of a body with respect to a 

given point is equal to the moment of surface and body force with respect to that 

point. 

 ∫∫∫ ρ×=×+×
∂ ttt B

.

BB

dvx
Dt
Ddaxdvx xtb  (2-40) 

 ∫∫∫ ρε=ε+ε
∂ ttt B

k
.

jijk
B

kjijk
B

kjijk dvxx
Dt
Ddatxdvbx  (2-41) 

Taking the momentum equation into account, it follows 

 ( ) ∫∫∫ ρε=σε+ε
∂ ttt B

k
.

jijk
B

q,qkjijk
B

kjijk dvxx
Dt
Ddaxdvbx  (2-42) 
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 0dvbvx
tB

jk

0

kqqk,k

.

jijk =
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

σ−⎟
⎠
⎞

⎜
⎝
⎛ −σ−ρε∫

=
444 3444 21

 (2-43) 

This reduces to  

 0dv
tB

jkijk =σε∫  (2-44) 

So 

 kjjk σ=σ  (2-45) 

or 

 Tσσ =  (2-46) 

Thus, the law of conservation of angular momentum leads to the conclusion that 

the stress tensor is a symmetric tensor. 

Stress Tensor 

Tensor is symmetric with only six independent components (applies whether the 

point at rest or accelerating, but not if there is a torque) 

2112 σ=σ  

3113 σ=σ  

3223 σ=σ  

 



Chapter 2: The continuum mechanics theory applied to coupled reservoir engineering 

particularly in subsidence and compaction research  

 25

Stress tensor in 2D written in matrix 

 

⎥
⎦

⎤
⎢
⎣

⎡
σσ
σσ

=σ
2221

1211
ij  

 

 σ2 

σ2 

σ1 σ1 

σ21 

σ21 

σ12 

σ12 

 

Stress tensor in 3D 

In three dimensions, the stress is completely described by stress tensor which we 

have all together nine stress components related to one point in three dimensions as 

following: 

 



Chapter 2: The continuum mechanics theory applied to coupled reservoir engineering 

particularly in subsidence and compaction research  

 26

 

 

Written in matrix 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

σσσ
σσσ
σσσ

=σ

333231

232221

131211

ij  

 

In practice, stress tensor is usually redefined for convenience, where ijσ denotes 

both types of stress (normal and shear). The subscripts i and j may be any of the 

number 1, 2, 3, which represent the x-, y-, z- axis, respectively. The first subscript (i) 

identifies the axis normal to the actual surface, while the second subscript (j) relates to 

the direction of the force. 

Principal Stresses 

At any point in homogeneous stress field can find three planes upon which shear 

stresses are zero. These planes are called principal planes of stress. Stresses normal to 

these planes are principal stresses: σ1, σ2 & σ3. In this case, stress tensor can be 

presented as 
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⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

σ
σ

σ

3

2

1

00
00
00

 

So, state of stress can be characterized into: six independent stress components 

or magnitude and direction of σ1, σ2 & σ3 

This study mainly deals with stress of reservoir and stress within the earth’s 

crust in which vertical stress due to overburden rock can be considered as a principle 

stress. Hence, the two remaining stress are principle horizontal stresses. With such 

assumptions, stress tensor can be written as  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

σ
σ

σ

v

h

H

00
00
00

 

where σv is the vertical principal stress, σh is the minimum horizontal principal 

stress and σH is the maximum horizontal principal stress (note that the positions of SH, 

Sh and Sv on the diagonal are interchangeable depending on which is larger).  Hence, 

if the vertical stress is assumed to be a principal stress, the stress tensor can be 

completely constrained by the orientation of one of the horizontal stresses and the 

magnitudes of the vertical and two principal stresses. 

Anderson (1951) developed a classification of three different stress regimes: 

normal faulting, thrust (or reverse) faulting, and strike-slip faulting 

 σv > σH > σh normal fault 

 σH > σh > σv   thrust fault 



Chapter 2: The continuum mechanics theory applied to coupled reservoir engineering 

particularly in subsidence and compaction research  

 28

 σH > σv > σh strike-slip fault 

These three states of stress related to the three commonly seen modes of faulting 

in the earth’s crust and are used throughout this thesis to describe relative stress 

magnitudes in the earth’s crust. 

2.4 Coupled fluid flow – geomechanics models 

Many of the conservation laws of physics can be expressed in the form of 

statement that a physical quantity is conserved; examples of such quantities are mass 

conservation, momentum conservation, and an equation of state. When we impose the 

fundamental laws of nature on the material body we come up with the basic equations 

of continuum mechanics valid for all types of materials, containing unknown 

variables of interest. This system of equations must be supplemented with constitutive 

laws to get specific solution for specific material behavior.  

Particularly in compaction and subsidence research, there are also three basic 

relationships of coupled fluid flow- geomechanics model: mass conservation, 

momentum conservation, and an equation of state.  In general, reservoir deformation 

occurs very slowly compared to fluid flow. Hence, we can apply the fundamental 

assumptions with the small strain theory into these governing partial differential 

equations for the generalized coupled system in which the solid velocity is much 

smaller than the fluid velocity.  
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2.4.1 General form of coupled fluid flow – geomechanics models 

Solid phase 

Conservation of mass 

 0)v.(
t

=ρ∇+
∂
ρ∂  (2-47) 

 Applying Equation 2-47 to solid phase 

 ( )( ) ( )( ) 0v..1..1
t sss =ρφ−∇+ρφ−
∂
∂  (2-48) 

Where vs is the solid velocity, φ the formation porosity, and ρs the solid density. 

Assuming that deformation due to rearrangement of solid particles so ρs=const. 

 ( ) ( )( ) 0v.1.1
t s =φ−∇+φ−
∂
∂  (2-49) 

Because  

 ( )( ) ( ) ( )φ−∇+∇φ−=φ−∇ 1.vv.1v.1. sss  (2-50) 

So 

 ( ) ( ) ( ) 01.vv.11
t ss =φ−∇+∇φ−+φ−
∂
∂  (2-51) 

From the definition of the material derivative 

 F.v
t
F

dt
dF

s ∇+
∂
∂

=  (2-52) 

So Equation (2-51) become 

 ( ) ( ) 0v.11
dt
d

s =∇φ−+φ−  (2-53) 
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With volumetric strain definition we have 

 zrsvol u. ε+ε+ε=∇=ε θ  (2-54) 

Substituting Equation (2-54) into Equation (2-53) yield: 

 ( ) ( ) 0
dt

d11
dt
d vol =

ε
φ−+φ−  (2-55) 

Rearrange Equation (2-55) we have 

 ( )
( ) dt

d
1
1d volε

−=
φ−
φ−  (2-56) 

Integrating Equation (2-56) both sides with the initial condition, we have the 

variation of the porosity 

 ( ) 0,volvole11 0
ε+ε−φ−−=φ  (2-57) 

Where φ0 is the initial porosity and εvol,0 is the initial volumetric strain which is 

the value at the previous time step. At t=0, the initial volumetric strain is equal to 

zero. 

Conservation of momentum 

Applying the conservation of momentum for solid phase, yield 

 0f. =+σ∇  (2-58) 

Where: f is the body force per unit volume. 

According to the theory developed by Fowler and Noon (1996), we have 

effective stress equation 

 P.I).1(' 0φ−−σ=σ  (2-59) 
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Where σ  and σ′are total stress and effective stress, respectively. I is the 

identity tensor and P is the pore pressure. 

The effective solid is related to the solid strain with the following linear 

equation  

 ε=σ .D'  (2-60) 

Fluid phase 

Conservation of mass 

 0)v.(
t

=ρ∇+
∂
ρ∂  (2-61) 

 Applying Equation 2-61 to fluid phase 

 ( ) ( ) 0v....
t fff =ρφ∇+ρφ
∂
∂  (2-62) 

Conservation of momentum in fluid phase – Darcy’s law 

 ( ) PKvv sf ∇
µ

β−=−φ  (2-63) 

Equation of state (isothermal fluid compressibility) 

 
P

1Cf ∂
ρ∂

ρ
=  (2-64) 

Both the fluid velocity vf  and the solid velocity vs  are local volume averaged 

values with respect to a stationary coordinate frame. The condition for a 

nondeformable (stationary) medium is vs=0. Gravity effects are not considered. Fluid 

density and viscosity are assumed to be a function of fluid pressure only.  
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Substituting this Darcy’s law into Equation 2-62 and rearranging this equation 

yields 

 ( ) ( ) sffs
f

f v..v
t

Pk. rr
∇φρ+φρ∇+

∂
φρ∂

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇

µ
ρ∇  (2-65) 

By using the material derivative 

 

 ( ) ( ) ( )∇+
∂
∂

= .v
tdt

d
s
r  (2-66) 

We have  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇+

φ
φ

+
ρ

ρ
φρ=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∇

µ
ρ∇ s

f

f
ff v.

dP
d1

dP
d1Pk. r  (2-67) 

 

2.4.2 Coupled radial single-phase fluid flow – geomechanics model 

The governing equations for radial single-phase flow model in a deforming 

porous media can be derived as following: 

Solid phase 

 ( ) ( ) 0v.11
dt
d

s =∇φ−+φ−  (2-68) 

We also have the variation of the porosity 

 ( ) 0,volvole11 0
ε+ε−φ−−=φ   (2-69) 

We have effective stress equation 

 P.I).1(' 0φ−−σ=σ  (2-70) 
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In radial coordinates, εσ ,'  become 

 { }T'
rz

'
z

''
r ,,,' τσσσ=σ θ  (2-71) 

 { }T
rzzr ,,, τεεε=ε θ   (2-72) 

and  

 ( )( )
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

ν−
ν−νν

νν−ν
ννν−

ν−ν+
=

2
21000

01
01
01

211
ED  (2-73) 

Where: E is elastic modulus and ν is Poisson’ ratio. 

Fluid phase 

Conservation of mass 

 min - mout=macc                    (2-74) 

 

mr,in 

mr,out 

mz,out 

mθ,in 

mθ,out 

dz 

dθ 

dr mz,in 

 

Figure 2-1: Schematic showing of fluid flow in a single element  
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We have 

 ( )φθρ= .dr.dz.d.r.macc  (2-75) 

So, the variation of accumulated mass with time is 

 ( )φθρ
∂
∂

=
∂

∂ .dr.dz.d.r.
tt

macc  (2-76) 

and  

 ( ) ( ) ( )θθ φρα+φρα+φρα= A..v..A..v..A..v..m zzrrin  (2-77) 

With dz.d.rAr θ= , dr.d.rAz θ=  dz.drA =θ  

So 

 

( ) ( )

( ) ( )

( ) ( )
⎟
⎠
⎞

⎜
⎝
⎛ θ

θ∂
φρα∂

+φρα+

⎟
⎠
⎞

⎜
⎝
⎛

∂
φρα∂

+φρα+

⎟
⎠
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⎝
⎛
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φρα∂

+φρα=

θθ
θθ dA..v..A..v..

dz
z

A..v..A..v..

dr
r

A..v..A..v..m

ZZ
ZZ

rr
rrout

 (2-78) 

 

Substituting Equation 2-76, 2-77 and 2-78 to Equation 2-74, yield 

 
( )

( ) ( ) ( )
⎟
⎠
⎞

⎜
⎝
⎛

θ∂
φρα∂

+
∂

φρα∂
+

∂
φρα∂

−

=φρ
∂
∂

θ.v..
r
1

z
.v..

r
r..v..

r
1

.
t

Zr

 (2-79) 

Because the system is axisymmetric, Equation 2-79 becomes   

 ( ) ( ) ( )
⎟
⎠
⎞

⎜
⎝
⎛

∂
φρα∂

+
∂

φρα∂
−=φρ

∂
∂

z
.v..

r
r..v..

r
1.

t
Zr  (2-80) 
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Conservation of momentum 

Applying Darcy’s law that can be derived from conservation of momentum we 

have  

 ( ) PKvvv isifi ∇
µ

β−=−φ=  (2-81) 

So  

 isiif vvv φ+=φ  (2-82) 

 With i=r, z. Substituting this Darcy’s law into Equation 2-80 yield 

 
( )

( )( ) ( )
⎟
⎠
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⎜
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+
∂
φ+ρ∂
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φρ
∂
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z
)vv.(
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r
1

.
t

1

zszrsr

 (2-83) 

or 
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.
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 (2-84) 

 

Rearranging above equation, we have: 
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 (2-86)  

 With 
P

1
P

1CCC sft ∂
φ∂

φ
+

∂
ρ∂

ρ
=+=  (2-87) 

Where: Ct is the total compressibility. Cf and Cs are fluid and solid 

compressibility, respectively. 

It is clear that  

2

r
P
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⎠
⎞

⎜
⎝
⎛
∂
∂ and 

2

z
P
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂ are nonlinear and <<1  

These terms are often neglected in the equations used for coupled reservoir 

simulation as follows:  

 
⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

+
∂
∂µφ

β
+

∂
∂µφ

αβ
=

∂
∂

+
∂
∂

+
∂
∂

z
v

r
v

K
1

t
PC

K
1

z
P

r
P

r
1

r
P

zsrs
t

2

2

2

2

 (2-88) 

 

With 
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So 
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The general case requires a numerical method to solve all of the above equations 

which have boundary and initial conditions 

2.4.3 Coupled two phase fluid flow – geomechanics model 

The governing equations for a coupled multiphase flow and geomechanics 

system can be similarly obtained using the same assumptions as in sections 2.4.  For a 

coupled solid/oil/water system, water and oil are assumed immiscible. Consequently, 

the governing equations can be summarized (Eclipse 2005) as follows: 

Oil/water mass balance equations 
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o
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Solid force balance equations 

 ( ) ( ) pp
2 pfu.GuG ∇α=+∇∇λ++∇

rrr  (2-93) 

Where  

Porosity ( ) u.
o e11

r
−∇φ−−=φ  

Capillary pressure owc ppp −=  

Pore pressure oowwp pSpSp +=  

Sw and So are water saturation and oil saturation, respectively. 

Bw and Bo are formulation volume factors of water and oil, respectively. 

G and λ are the Lamé elastic parameters 

u denotes the displacement of porous medium. 

2.5 Numerical solution of the governing equations 

The commonly used numerical methods in reservoir simulations are finite 

difference methods (FDM’s), finite volume methods (FVM’s), and finite element 

methods (FEM’s). Each has its advantages and disadvantages in the implementation.  

2.5.1 Finite Difference Method (FDM) 

To achieve approximate solutions to partial difference equations (PDEs) in all 

aspects of engineering, the FDM is well-know numerical method used, especially in 

fluid dynamics, heat transfer and solid mechanics. The foundation of FDM is to 

replace the partial derivatives of the governing equations by differences defined over 

certain spatial intervals in the coordinate directions dx, dy, and dz; which generate a 

system of algebraic simultaneous equations of the governing equations at a mesh of 
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nodes over the domain of interest. Applying boundary conditions defined at boundary 

nodes, solution of the simultaneous algebraic system equations will yield the required 

values of the governing equation at all nodes, which meet with both the governing 

PDE’s and special boundary conditions. The discretization schemes by finite 

difference (FD) are easy to construct but this method requires the use of a structured 

grid.  In addition, FD code is memory and computational efficient, and can be easily 

parallelized. However, the requirement of a structured grid makes girding of 

complicated domains difficult. For example, it may be challenging to treat 

complicated geology structures such as faults, sills and fractures. If the grid needs to 

be aligned with these features, adaptive mesh refinement can sometimes alleviate grid 

geometry problems. Although there are still limitations, FDM is common used in 

petroleum industry (Eclipse 2005). 

2.5.2 Finite Volume Method (FVM) 

Another numerical method to obtain approximation of the PDE's is the Finite 

Volume Method (FVM). In an FVM, the integral form of an equation is discretized, 

which guarantees conversation. This method overcomes the limitation of FDM as 

FVM does not require a structured mesh. In addition, an FVM is preferable to other 

methods as a result of the fact that boundary conditions can be applied noninvasively 

because the values of the conserved variables are positioned within the volume 

element, and not at nodes or surfaces. FVM’s are especially powerful on coarse 

nonuniform grids and in calculations where the mesh moves to track interface or 

shocks. 
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2.5.3 Finite Element Method (FEM) 

The most useful numerical method is FEM. This method deals with an integral 

formulation of an equation by using a weak formulation. Because an FEM can be 

applied to problems of great complexity and unusual geometry, it is a powerful tool in 

the solution of complexity problems such as fracture in mechanics or fault within 

geology structure. An FEM is very flexible at representing complex geometries. 

Consequently, using this method the mesh can be refined near particular features. In 

addition, the mesh can also be reduced at the far field region. So that large volumes of 

free space can be included. But for a fine-grid system, the expense involved in solving 

this large system is usually prohibitive. Considering so many uncertain factors in 

reservoir parameters and the solving efficiency, this expense may be not justified.  

2.5.4 Equation discretization 

The formulations of coupled theories between fluid and solid applied to radial 

flow in reservoir engineering have been presented. Unfortunately, the general 

analytical solution for this equation has not been resolved except in simplified cases. 

Despite this, a numerical method can be applied to achieve the general solution. The 

Galerkin finite element method is chosen because of its ability to handle anisotropic 

and heterogeneous regions with complex boundaries (Young’s and Hyochong 1996). 

In the Galerkin method, the unknown variable pressure and displacements can 

be approximated by a trial solution in space using of the shape function N and nodal 

values (P, u) 

 ii

n

1i
PNP

=
∑=  (2-94) 
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 rii

n

1i
r uNu

=
∑=  (2-95) 

 zii

n

1i
z uNu

=
∑=  (2-96) 

Therefore, in the coupled simulation, there are three principal degrees of 

freedoms at each node of the mesh. 

We have the generally fully coupled equations as following 

 1

.

21

.

1 FuMPKPM =++  (2-97) 

 222 FPCdK =+  (2-98) 

Applying the time integration technique with Crank-Nicholson method 

described we derived the coupled matrix system. 
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∫
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Noting that, porosity and permeability will be updated at each time step on each 

element. The influence of permeability and porosity on coupled simulation results can 

be found in Ta and Hunt (2005). 

Boundary condition 

There are 2 main types of boundary condition for each phase 

Solid phase: 

Dirichlet-type prescribed displacement 

 u~t)z,u(r, = with 1sz,r Γ∈∀  (2-100) 

Neumann-type prescribed surface traction. 

 h~n. =σ  with 2sz,r Γ∈∀  (2-101) 
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Where s2s1s Γ=Γ∪Γ  

Fluid phase: 

Dirichlet-type prescribed initial pressure 

 p~t)z,p(r, =  1fz,r Γ∈∀  (2-102) 

 Neumann-type prescribed normal flux to boundary 

 0n.p =∇ 2fz,r Γ∈∀  (2-103) 

Where f2f1f Γ=Γ∪Γ and unit normal vector { }T
zr n,n,nn θ= . Subscript s and f 

refer to solid and fluid phase, respectively.  

Initial condition (t=0) 

 0uz,0)u(r, =  (2-104) 

 0Pz,0)P(r, =  (2-105) 

Matrix Equation (2-99) must be completely constrained by initial and boundary 

conditions described by Equation (2-100) – (2-105) before a solution is obtained. 

2.6 Analytical solutions for compaction and subsidence 

Coupled mathematic models used in dealing with subsidence and compaction 

have been presented.  Numerical methods are employed to solve total subsidence and 

compaction but complete study of subsidence including modeling and prediction is 

generally a difficult task and has to use advanced simulator which is costly. In this 

situation, the analytical method, using the Geertsma’s equation (Geertsma 1973) 

based on nucleus-of strain equations from rock mechanics, is still quick and worthy 

tool in particularly evaluation of subsidence and compaction for disk shaped 

homogeneous reservoir which usually happens worldwide.  
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Geertsma’s equation is described more detail by Holt (1990) from the  3D 

simplified coupled equations. The maximum vertical compaction (∆h) and subsidence 

(S) for a roughly disk-shaped oil and gas bearing reservoir formation can be estimated 

using the equations 2-106 and 2-107 

 ( ) hp
E1

21h f

2

∆
ν−

ν−ν−
=∆   (2-106) 

 ),(hAp
2

CS f
b ηρ∆=   (2-107) 

Where Cb, ν, R, h, D, A(ρ,η) are bulk coefficient, Poisson’s ratio, average 

reservoir radius, average reservoir thickness, reservoir depth of burial and Bessel 

function, respectively.  

2.7 Conclusions 

The continuum mechanics theory as applied to a coupled fluid flow – 

geomechanics simulation has been presented in this chapter. Chapter 2 shows the 

importance of the fully coupled fluid flow – geomechanics model applying in 

compaction and subsidence calculation. Furthermore, governing equations for a radial 

model as applied to compaction and subsidence are derived. The finite element 

method is also used for solving the governing equation of fully coupled fluid flow – 

geomechanics model. Simplified solutions are also presented that can be employed for 

quickly estimating compaction and subsidence. These equations will be used in 

uncertainty evaluation and stochastic simulations in the following chapter. 
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CHAPTER 3: THE IMPACT OF UNCERTAINTY ON SUBSIDENCE 

AND COMPACTION 

 

 

 

3.1 Introduction 

Sub-surface compaction due to fluid withdrawal from a reservoir (oil, gas or 

water) has been well documented worldwide over the last few decades. Compaction 

of a reservoir can also lead to subsidence at the ground surface or the seafloor. Many 

methods are employed to calculate total subsidence and compaction. Among these 

methods, the deterministic method, using Geertsma’ analytical equation (chapter 2), is 

particularly favorable for disk shaped homogeneous reservoir in compaction and 

subsidence calculations. Unfortunately, Geertsma’s equation still ignores the 

uncertainty of the deterministic-based input parameters.  

Objectives of this chapter are to present the stochastic approach using Monte 

Carlo simulation applied to compaction and subsidence estimation.  The research 

addresses the impact of uncertainty on subsidence and compaction prediction when 

taking into account uncertainty of E, ν and ∆pBf B as applied to a deep-water petroleum 

field in the Gulf of Mexico. The reservoir model modeled stochastically is compared 

with the commercial numerical software-Eclipse 300. Finally, potential reservoirs 

where subsidence and compaction could happen are presented in term of describing 

the range of E and ν within a stochastic characterization of a large-scale regional 

reservoir model 
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3.2 Why do we need to investigate uncertainty on subsidence and 

compaction  

Compaction of a reservoir can also lead to subsidence at the ground level or the 

seafloor. Examples of subsidence and compaction have been observed in many places 

such as Venezuela (Merle et al. 1976), the Gulf of Mexico and Gippsland Basin (Jim, 

Bailey et al. 2006). In the Cooper Basin – Australia, the compaction problem was first 

investigated by Ta and Hunt (2005).  

The need for more sophisticated prediction approaches in assessing the impact 

of subsidence and compaction on production management of the reservoir has led to a 

continuous improvement of numerical models employed. Such approaches use the 

continuum poroelastic theory. For example, the use of advanced models for accurate 

prediction of land subsidence were documented by Gambolati (2001) and Ta et al. 

(2005). However, although sophisticated poroelastic constitutive models have been 

developed for a realistic description of the actual rock mass behavior (Biot 1940; 

Gutierrez 1994; Terry, Garfield et al. 2000), the geomechanical analysis of producing 

fields is usually performed deterministically, thus limiting breadth of solution and 

sensitivities involved. To overcome the limitation of the deterministic model which 

would require an extensive medium characterization, neither supported by the 

available data nor allowed by the available resources, the properties of rock 

heterogeneity at the field and regional scale can be incorporated stochastically into 

geostatistical models (Collin, Schroeder et al. 2005; Massimiliano, Giuseppe et al. 

2006).  



Chapter 3: The impact of uncertainty on subsidence and compaction 

 47

While stochastic models have been extensively used over the last few decades 

for modeling flow and transport into random porous media, only a limited number of 

studies have addressed the influence of using stochastic model to assess the effect of 

rock properties on the geomechanical behavior of the reservoir (Diego, Marcio et al. 

2004). In particular, there are few studies that have been incorporated a stochastic-

based simulation when analyzing rock heterogeneous media when applied to 

compaction and subsidence related problem. In addition, some of the most important 

parameters such as Young’s modulus (E), Poisson’s ratio (ν), and even reduction of 

pore fluid pressure (∆pf) usually have ignored magnitude variation when modeling 

geomechanical parameters in compacting reservoir. 

3.3 Statistics principle 

There are two types of statistical approaches, classical statistics and spatial 

statistics. Geostatistics is the statistics of observations located in space or time. The 

data collected can be correlated spatially or temporally.  

3.3.1 Histograms of data 

Histograms are very useful data summaries which allow many characteristics of 

data to be presented in a single illustration. They are obtained simply by grouping 

data together into classes. For example, consider the Young’s modulus data from core 

sample 

227,108.9 195,165.2 165,745.9 140,259.7 105,730.6 76,290.8 64,396.0 

64,768.9 50,221.0 50,967.9 50,136.3 48,843.4 190,634.0 145,776.8 

117,687.3 100,144.2 89,398.9 82,897.2 75,410.7 70,696.1 68,170.3 

70,404.2 74,087.6 78,870.5 
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We have a histogram as shown in Figure 3-1 which expresses the number of 

values in a class interval as a percentage of the total number of values.  
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Figure 3-1: Histogram of Young’s modulus data 

3.3.2 The normal distribution 

Suppose we have n sample values xi, i=1,2..n. The first step in the analysis of 

these values consists in grouping them into classes and counting the number of 

samples within that class. The histogram is drawn from this data. If the histogram 

distribution is reasonably symmetrical and has density function as 
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Where: σ, µ are standard deviation and mean, respectively.  

With  
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We have normal distribution as shown in Figure 3-1 

In practice, the assumption of normal distribution of sample values is not often 

satisfied except when samples collected has a relative high grade. When taking 

samples from a new field, the number of samples might be insufficient to obtain a 

representative histogram. Judgment and past experience are then used to decide 

whether the assumption of normality can be accepted. 

3.3.3 The lognormal distribution 

In other situations, the distribution of sample values is not symmetrical, but has 

a positive skew. This distribution is well presented by a lognormal distribution using 

additional parameters. If log(x) is a variable with normal a distribution, then we have 

two-parameters lognormal. If log(x+β) is a variable with normal distribution, then we 

have three-parameters lognormal where β is constant. 

So f(x), σ, and µ from 3-1, 3-2 and 3-3 become 
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Figure 3-2: Example of lognormal distribution 

 

3.4 Stochastic model - Monte Carlo simulation 

In most engineering applications, deterministic models are more frequently used 

over stochastic models; in such case, a single output value is obtained for every input 

value, and for all variables (Figure 3-3). The assumption made is that the input 

variable is known precisely; in reality many input variables have uncertainty attached 

to them, hence the need for a stochastic approach (Al-Harthy, Khurana et al. 2006). 

Murtha (2000) defined risk as “Potential gains or losses associated with each 

particular outcomes” and uncertainty as “The range of possible outcomes”. In such a 
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scenario risk and uncertainty estimate the input parameter as a range instead of a 

single point. For example, the price of a barrel of oil could be represented as a normal 

distribution with a mean of $20 per barrel and a standard deviation of $4 per barrel, 

instead of using a single value of $20 per barrel.  

 

Output as distribution 

Input as single value Model 
Equations relate outputs 

and inputs 

Output as single 

Deterministic Model 

Input as distribution Model 
Equations relate outputs 

and inputs 

Stochastic Model 

 

Figure 3-3: Stochastic vs. the deterministic model 

 

Risk analysis is designed to handle the uncertainty of input variables through 

stochastic models using the Monte Carlo simulation method. The Monte Carlo 

simulation is a statistical method that uses a probability distribution for input and 

produces an output probability distribution (Figure 3-3). In this study, the Monte 

Carlo simulation is applied for the evaluation of the compacting reservoir based on 

the analytical geomechanical-fluid flow equation.  

The Monte Carlo simulation method is applied to the calculation of compaction 

and subsidence. This accounts for the fact that the key input parameters E and ν have 

not been exactly presented or properly calculated at the field scale. Reduction of ∆pf 

related to fluid production has been taken into account. These input parameters, in the 
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sense of computer-based distributions of E, ν and ∆pf, are shown in terms of 26 

sample data from two wells are presented in Figure 3-4.  

The practice of describing the input parameters with range is actually more 

realistic because it captures our absence of information in estimating the true value of 

the input parameter. 
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Figure 3-4: Distribution data for (a) Young’s modulus (E) which fitted with the 

exponential distribution and truncated where a minimum value of 40,000psi and 

maximum value of 230,000psi. (b) Poisson’s ratio (ν)  distribution fitted with a 

normal distribution, Poisson’s ratio distribution has a mean of 0.29 and a standard 

deviation of 0.09 and it is truncated leaving a range of 0.02 – 0.5. (c) Reduction of 

pore fluid pressure (∆pf) which has uniform distribution with minimum value of 

1500psi and maximum value of 2000psi. 

 

Analytical geomechanics – fluid flow equations used here for stochastic-based 

simulations are  based on nucleus-of strain equations from rock mechanics as 

described by Geertsma (1973) and further detailed by Holt (1990). The maximum 

vertical compaction (∆h) and subsidence (S) for a roughly disk-shaped oil and gas 

bearing reservoir with input parameters Cb, ν, R, h, D, and A(ρ,η) (Table 3-1), can be 

estimated using equations 3-7 and 3-8 
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Table 3-1: Rock and model properties for the Gulf of Mexico 

 

Variables Symbol Value Unit 

Distance from reservoir centre axis a 10000 ft 

Average reservoir radius R 5000 ft 

Reservoir depth of burial D 10000 ft 

Average reservoir thickness h 160 ft 

Dimensionless radial distance ρ=a/R 2 -- 

Dimensionless depth η=D/R 2 -- 

Bessel function A(ρ,η) -- -- 

Poisson’s ratio  ν -- -- 

Young’s modulus  E -- psi 

Biot’s constant α 0.95 -- 

Reduction of pore fluid pressure ∆pf 
1500 psi 

Bulk coefficient (base case) Cb 2.56E-5 psi-1 

Rock density  ρs 
128 lb/ft3 

 

In the above equations it is assumed that the subsurface compaction is uniform 

across the area of interest and the overburden material deforms elastically and 

homogeneously. For example, considering a formation compacting a total of 32 ft 

even at a relatively shallow depth of 3200ft, the overburden material will deform a 

maximum of 32ft in the vertical direction over its 3200ft thickness, and generally 

much less, so that strains will be less than 1%. So, elastic material behavior 

assumptions are reasonable. Furthermore, for a greater depth of subsurface 

compaction, the resulting surface subsidence may be relatively insensitive to 

overburden material properties. It is evident that the analytical nucleus-of-strain 

equations actually provide very good compaction and subsidence approximations to 

even the most sophisticated geomechanical models, which account for inelastic and 
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heterogeneous overburden behavior. As a consequence, other situations using 

uncertainty input parameters should be also assumed to be valid, with the assumption 

that the overburden material deforms elastically and homogeneously when applying 

into stochastic based simulation. 

3.5 Validation the results of stochastic based simulation with numerical 

reservoir based simulation 

In this study, the coupled geomechanical–fluid flow model has been built using 

the Eclipse 300 reservoir simulator software package as it has a 3D finite difference 

code for such modeling (Eclipse 2005).  

A simplistic model using deterministic parameters is used here. The reservoir 

was discretised into eight layers. The model measures 10000 × 10000 × 160ft in the x, 

y and z directions, respectively. Grid size are 500 × 500 × 20ft. As a result, total 

number of cells is 3200. One production well is shown as Figure 3-5. 

 

Figure 3-5: Eight layers reservoir model measuring 10000 × 10000 × 160ft, grid cell 

size 500 × 500 × 20ft in the x, y and z direction, respectively. Total number of cells is 

3200. 

Production well 
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Theories used in calculating of compaction problems are based on the mass 

balance equation, Darcy’s law of fluid flow, and Terzaghi’s principal of effective 

stress (Eclipse 2005). Rock and fluid property constants are from the Gulf of Mexico 

dataset. The coupled geomechanical-fluid flow equations are solved simultaneously. 

The simulation was run to ten years with a minimum time-step of one day and 

maximum of 500 days. Compaction calculations are made along a vertical cross-

section that bisects the model’s center position. 

3.5.1 Reservoir rock properties 

Geomechanical rock properties attached in each cell includes Young’s modulus 

(E), Poisson’ ratio (ν), Biot's constant (α), bulk coefficient (Cb) and density (ρs): these 

parameters describe a linearly elastic porous medium (Table 3-1). Here, the range of 

E and ν data, which come from two wells, are presented in statistic distribution 

(Figure 3-4).  One restriction is that the coupled numerical model can only be 

simulated with the deterministic values of parameters extracted from the distribution 

of E and ν parameters in which the mean and medium values are considered. 

3.5.2 Fluid properties 

Fluid properties can have a strong influence on the depletion pattern within the 

reservoir (e.g. viscosity). Generally, fluid properties are a function of composition, 

temperature, saturation and pressure, and will vary spatially and temporally. 

Deterministic values of key fluid properties (Table 3-2) used in the simulation are 

order of magnitude estimates only and do not represent the detail of the Gulf of 

Mexico field. Both the fluid and rock properties, describing flow and geomechanical 

behavior, respectively, are then assigned within the coupled model.  
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Table 3-2: Fluid properties 

Variables Symbol Initial value Unit 

Reservoir temperature Tres 284 0F 

Reservoir pressure Pres 6,000 psi 

Oil viscosity at 6,000psi µo 1.17 cp 

Initial water saturation Siw 0.25 -- 

Oil gravity ρo 128 lb/ft3 

Water gravity ρw 63.02 lb/ft3 

Bubble point pressure at Tres Pb 5,400  Psi 

 

3.5.3 Computational methodology 

In an attempt to verify the consistency from the Monte Carlo simulation, the 

simplest model was run (i.e. experiment-1) with all parameters required for the 

calculation fixed at the average, or most likely, value as presented in Table 3-1. For 

each of the next three experiments (i.e. 2-4), Monte Carlo simulations were used for 

compaction and subsidence calculations in which statistically generated values for 

each of the uncertain of E, ν and ∆pf input parameters were used.  Experiment-2 takes 

E as uncertain. Experiment-3 has the addition of ν as uncertain. Experiment-4 takes 

the addition of pore fluid pressure reduction as uncertain.  

Results of numerical model are then used to verify the results from the Monte 

Carlo simulation. So, the examination confirms that the most likely level of 

compaction and subsidence (i.e. that value of compaction arising from setting all 

parameters to their most likely value) is comparable to the 50-percentile result from 

the Monte Carlo simulation. In other words, the result of the deterministic model with 
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simulator should then be matched to the 50-percentile result for the Monte Carlo 

simulation of the same experiments.  

3.5.4 Results and Discussions 

Numerical simulation results  

 Compaction over production period 

As a result of numerical simulation, Figure 3-6 shows compaction versus 

production time over ten years. The model presented here has the constant production 

rate (Q) of 10,000 bbl/day. The value 1.3ft at May-90 could be considered the initial 

compaction at the beginning of the simulation. After ten years, the calculated 

compaction from the coupled model is approximately 2.4ft.  
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Figure 3-6: Compaction versus production period. Deterministic values of 

geomechanical rock properties used E=86500psi, ν=0.21 

Thickness of reservoir is known to be about 165ft. The ratio of compaction to 

thickness is 0.66%. Such a ratio means that the reservoir could be considered to 
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deform elastically. Obviously, the compaction will increase moderately with longer 

production period and higher production rate with assumptions of elastic material. 

Figure 3-7 presents the compaction profile at the end of numerical simulation 

measured in a vertical cross-section that bisects the well location. The minimum 

compaction of 2.21ft appears at the boundary of the reservoir tank whereas the 

maximum compaction of 2.39ft occurs at the center of the bowl, also coinciding with 

the production well location. Although compaction is supposed to be equal at the 

boundaries due to geometric symmetry, a small difference exists between left and 

right sides of the profile as the initial stress is applied to the left side. 

 

2.35

2.36

2.37

2.38

2.39

2.40

0 2000 4000 6000 8000 10000

Distance  (ft)

C
o

m
p

ac
ti

o
n

 (
ft

 

Figure 3-7: Compaction profile along at center of reservoir model at the end of 

numerical simulation. E=86,500psi, ν=0.21. 

 

 Compaction versus Poisson’s ratio 

The fully coupled reservoir simulation shows that when fluid is withdrawn from 

the reservoir, the ∆pf will be reduced. In turn, effective stress will be increased (Wan 
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2003). Subsequently, the reservoir will deform causing compaction as shown in the 

previous section. However, the impact of rock properties was not taken into account. 

Figure 3-8 presents a case showing compaction estimation for two reservoir models 

with different Poisson’s ratio but with the same Young’s modulus (Table 3-3). 

Table 3-3: Compaction with different values of Poisson’s ratio 

 

Young’s modulus 

(psi) 

Poisson’s ratio Max. compaction 

at well location 

(ft) 

Min. compaction 

at the boundary 

(ft) 

86500 0.21 2.74 2.58 

86500 0.29 2.39 2.21 
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Figure 3-8: Compaction profile along at center of reservoir model at the end of 

numerical simulation taking into account influence of Poisson’s ratio on compaction. 

(Case 1 with E=86,500psi, ν=0.21, Case 2 with E=86,500psi, ν=0.29). 

When Poisson’s ratio increases from 0.21 (case 1) to 0.29 (case 2) the 

compaction at the producer well location reduces from 2.74 to 2.39ft. Simultaneously, 
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the compaction at the boundary also reduces from 2.58 to 2.21ft. Therefore, higher 

Poisson’s ratio causes a lower compaction. This result should be considered when 

planning infrastructure development (i.e. the production platform). A more sensitive 

test is investigated in the next section. 

 Compaction versus various Poisson’s ratio and Young’s modulus 

In this work, several numerical simulation tests are undertaken to investigate the 

influence of Young’s modulus and Poisson’s ratio on compaction. Table 3-4 shows 

the minimum and maximum compaction in each run for various E − ν combinations. 

As previously demonstrated, it is clear that compaction is lower where the reservoir 

has a higher Poisson’s ratio. In addition, compaction also reduces moderately when 

Young’s modulus increases. For example, when Young’s modulus increase from 

68000psi (base case) to 86500psi (mean value of Young’s modulus), maximum 

compaction at the production well location falls from 3.27 to 2.74ft, where Poisson’s 

ratio is held constant at 0.21. We have shown that an increase in Poisson’s ratio and 

Young’s modulus, therefore, decreases compaction. 

Table 3-4: Numerical simulation results 

 

Young’s 

modulus (psi) 

Poisson’s 

ratio 

Max compaction at 

the well location (ft) 

Min compaction at the 

boundary (ft) 

68000 0.21 3.27 3.18 

68000 0.29 2.86 2.64 

68000 0.4 1.99 1.82 

86500 0.21 2.74 2.58 

86500 0.29 2.39 2.21 

100000 0.21 2.46 2.32 

210000 0.3 1.21 1.13 
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210000 0.21 1.41 1.33 

210000 0.4 0.79 0.72 

 

Monte Carlo simulation results  

The results of the Monte Carlo simulation are compared here with results from 

reservoir simulation. For experiment-1 (i.e. no uncertainty for E, ν and ∆pf), 

compaction is estimated at 3.27ft and subsidence at 0.91ft.  The results of compaction 

lie exactly in accordance with results provided by the Eclipse 300 simulation in the 

base case (first case in Table 3-4). This shows that Geertsma’s analytical equations 

(Equations 3-7 & 3-8) can be used as a good approximation as complicated model 

such as fully coupled model using Eclipse 300.  

 In experiment-2, Young’s modulus data collected from two wells of the deep-

water field were fitted with a distribution. The results show that the exponential 

distribution is the best fit based on Chi-square measure (Figure 3-4a). The mean of 

Young’s modulus is 86,508.81psi and a standard deviation is 41.17psi. The 

exponential distribution of Young’s modulus was truncated where a minimum value 

of 40,000psi was taken for soft rock and maximum value of 230,000psi was taken for 

hard rock. Once the exponential distribution was determined, it replaced the Young’s 

modulus single value. The Monte Carlo simulations were performed for 10,000 

iterations. The results show that the uncertainty in Young’s modulus results in a 

compaction distribution with a mean of 3.11ft and a standard deviation of 1.24ft 

(Figure 3-9) for both the probability and cumulative distribution functions. In 

addition, there is a 90% confidence interval where compaction falls between 1.28 – 
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5.24ft. The distribution also indicates that due to the existence of uncertainty in 

Young’s modulus, there is a 50% chance that the compaction is greater than 3.11ft. 

As a result, this should help a decision maker to collect more data and try to reduce 

the range of uncertainty and the possibility of greater compaction during the field’s 

life. These estimates should be accounted for during the field development. 
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Figure 3-9: Compaction (∆h) distribution for experiment-2. The mean of Young’s 

modulus used in the experiment-2 is 86,508.81psi and a standard deviation is 

41.17psi. The constant value of Poisson’s ratio is 0.21 

 

Furthermore, Monte Carlo simulation results yield subsidence values with a 

mean of 0.87ft and a standard deviation of 0.34ft. These results show that because of 

the uncertainty in Young’s modulus, the subsidence impact could range within a 90% 

confidence interval of 0.36 − 1.46ft (Figure 3-10). The results of Monte Carlo 

simulation provide the decision maker with the range of possible scenarios for 

preempting and appropriate decision-making.  
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Figure 3-10: Subsidence (S) distribution for experiment-2. The mean of Young’s 

modulus used in the experiment-2 is 86,508.81psi and a standard deviation is 

41.17psi. The constant value of Poisson’s ratio is 0.21Subsidence distribution for 

experiment-2 

 

As shown in Figure 3-11, it is interesting to note that values of E ranging 

approximately from 40,000 to 140,000psi have more impact on compaction and 

subsidence than values of E lying beyond 140,000psi. This shows that uncertainty of 

Young’s modulus beyond 140,000psi is insignificant.  
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Figure 3-11: The impact of Young’s module on compaction and subsidence 

 

In experiment-3, data for Poisson’s ratio from two wells were fitted with a 

normal distribution as the best fit based on the Chi-square measure. Here, Poisson’s 

ratio distribution has a mean of 0.29 and a standard deviation of 0.09 and it is 

truncated leaving a range of 0.02 – 0.5 (Figure 3-4b). The impact of introducing 

uncertainty in both Young’s modulus and Poisson’s ratio has resulted in a compaction 

estimation having a mean of 2.43ft and standard deviation of 1.24ft, where the 90% 

confidence interval is 0.72 – 4.72ft (Figure 3-12). 
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Figure 3-12: Compaction (∆h) distribution for experiment-3. The mean of Young’s 

modulus used in the experiment-3 is 86,508.81psi and a standard deviation is 

41.17psi. The mean of Poisson’s ratio distribution used is 0.29 and a standard 

deviation is 0.09 
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Figure 3-13: Subsidence (S) distribution for experiment-3. The mean of Young’s 

modulus used in the experiment-3 is 86,508.81psi and a standard deviation is 

41.17psi. The mean of Poisson’s ratio distribution used is 0.29 and a standard 

deviation is 0.09. 
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The impact on subsidence as a result of allowing for both E and ν has resulted in 

a mean of 0.60ft and standard deviation of 0.37ft. A 90% confidence interval was 

estimated to range from 0.12 – 1.33ft (Figure 3-13).  

It is important to emphasize that the difference between experiment-2 and 

experiment-3 is treating Poisson’s ratio as uncertain. In the later case, compaction 

results with addition of Poisson’s ratio as an uncertain variable has reduced the mean 

but the standard deviation is the same. Furthermore, the addition of Poisson’s ratio in 

estimating subsidence has resulted in a decrease in the mean, with approximately the 

same value for standard deviation. The mean values are consistent with results found 

using numerical simulation methods. The advantage of the Monte Carlo simulation is 

in its allowance to investigate the impact of variation of both E and ν simultaneously, 

compared to numerical simulations where each variable is changed while others are 

held constant. 
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Figure 3-14: Tornado plot for (a) compaction, (b) subsidence 

A sensitivity analysis was performed to assess the impact of Young’s modulus 

and Poisson’s ratio on compaction. The Tornado plot for compaction (Figure 3-14a) 
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shows that Young’s modulus has a greater impact than Poisson’s ratio implying that 

more effort should be directed toward estimating Young’s modulus than for 

estimating Poisson’s ratio. 

A similar sensitivity analysis was also done for subsidence (Figure 3-14b). Here 

we expected Young’s modulus to have a bigger impact, however it was interesting to 

note that correlation coefficient for Poisson’s ratio are larger than for Young’s 

modulus indicating that more effort should be directed toward estimating Poisson’s 

ratio when estimating subsidence. 

Experiment-4 incorporated the addition of the uncertainty of ∆pf, here having a 

uniform distribution with minimum value of 1500psi and maximum value of 2000psi.  

The addition of ∆pf resulted in a small increase in compaction with a mean of 2.84ft 

and a standard deviation of 1.47ft. The 90% confidence interval ranges from 0.82 – 

5.59ft. The subsidence mean after the addition of pore fluid pressure reduction is 

0.60ft and a standard deviation of 0.37ft with a confidence interval between 0.14 – 

1.58ft.  

A sensitivity analysis was also conducted for compaction and the results show 

that the impact of pore fluid pressure reduction uncertainty is small compared to the 

impact of Young’s modulus and Poisson’s ratio (Figure 3-15). Simulation results are 

observed for subsidence, with Poisson’s ratio having the biggest impact followed by 

Young’s modulus and pore fluid pressure reduction. 
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Figure 3-15: Tornado plot for compaction where with pore pressure reduction is 

added 

 

When all the experiments were combined for the case of compaction (Figure 3-

16), it is clear that as we add the uncertainty of Young’s modulus, the compaction 

mean was reduced.  In experiment-3 when the Poisson’s ratio uncertainty was 

introduced, the mean compaction was reduced which is reflected in the left shift of the 

cumulative distribution function. As we add the uncertainty of pore fluid pressure 

reduction, compaction mean has increased again and the standard deviation has 

increased due to the addition of another uncertain parameter. This clearly shows that 

pore fluid pressure reduction increases the compaction mean, because it has positive 

impact on compaction while both Young’s modulus and Poisson’s ratio have negative 

impacts. The same trend was observed with subsidence. 
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Figure 3-16: Compaction as uncertainty variables (E, ν and ∆pf ) are added 

The results of the Monte Carlo simulation are consistent with the results of 

numerical simulation method. Moreover, these results show the impact of uncertainty 

of Young’s modulus, Poisson’s ratio and reduction of pore fluid pressure on 

compaction and subsidence. In addition, the ability of identifying which variables 

among these has the greatest impact and the possibility of collecting more data to 

reduce uncertainty or develop better field development plans. 

3.6 Conclusions 

This chapter has discussed the impact of uncertainty on the calculation of 

subsidence and compaction. A stochastic model, incorporated within the Monte Carlo 

simulation, has been applied to analytical geomechanics – fluid flow equations to 

investigate the influence of uncertainties in a compacting reservoir. This method 

could extend to other fields with specific reservoir parameters. 
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The results reveal the impact of using probability distributions to estimate 

compaction and subsidence for a disk shaped-homogenous reservoir when taking into 

account uncertainties of Young’s modulus, Poisson’s ratio and the reduction of pore 

fluid pressure. The sensitivity analysis shows that Young’s modulus has more impact 

on compaction than Poisson’s ratio. The results also show that values of Young’s 

modulus in this deep-water field lying beyond 140,000psi have an insignificant 

impact on compaction and subsidence. Based on estimates of compaction and 

subsidence with the stochastic model, large scale reservoirs that have potential for 

subsidence and compaction will be predicted quantitatively in advance. The additional 

numerical results also confirm that results obtained from numerical simulation with 

the coupled geomechanical – fluid flow model are within the range of acceptable 

distribution from the stochastic results. 
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CHAPTER 4: POROSITY AND PERMEABILITY IN STRESS 

SENSITIVE RESERVOIR 

 

 
 
4.1 Introduction 

The concept of stress-dependent permeability and porosity incorporated with 

coupled theory has attracted attention from reservoir engineering and production 

engineering. There are numerous researchers working on both the fully coupled 

mathematic model and petrophysical rock properties to assess more accurately the 

impact of subsidence and compaction. However, there is still a lack of research in 

investigation of the changes of permeability and porosity due to stress variation in 

reservoir caused by depletion. This chapter discusses in particular both theoretical and 

experimental work in which stress-dependent permeability and porosity relationship 

are reviewed and applied in coupled reservoir simulation. 

The objectives of the chapter describes as following: 

 The relationship between change in permeability and stress variation 

 The relationship between the change in porosity and permeability reduction due to 

stress variation. Applying the advanced Carmen – Kozeny equation into coupled 

simulation. 

 The reduction of permeability with in depleted reservoir. 
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4.2 The relationship between permeability and reservoir stress in 

coupled fluid flow – geomechanics model 

During the last decade, there has been an increasing awareness within the 

petroleum industry that stress changes associated with reservoir depletion have an 

essential impact on field performance. Traditionally, pore pressure reduction has been 

thought to create compaction. Because the effect of rock compaction by itself does not 

affect the shape of the pressure trace, permeability change caused by stress change is 

the dominating factor that influences well responses in stress-sensitive reservoirs. It 

becomes clearly that the quantitative relationship between permeability and stress 

change must be known in order to estimate initial permeability from well-test data in 

stress-sensitive reservoirs. From a microscopic point of view, to establish a general 

relationship between permeability and stress change is difficult. Depending upon the 

characteristic of reservoir rock and reservoir conditions, many physical factors that 

relate to stress change may cause permeability to change. It is more pragmatic to 

experimentally determine rock permeability as a function of a macroscopic variable 

that is related to stress change and that can be measured in the laboratory.  

From experimental work, Mattax et al. (1975) have shown that the average 

permeability decreased by almost 40% when the applied hydrostatic compaction 

pressure was increased from 65 to 3500psia. In general from an experimental point of 

view, Al Harthy et al.(1998) showed that the petrophysical properties such as 

permeability, capillarity, porosity, resistivity and relative permeability are influenced 

by the state of stress in the reservoir. This research is being further developed to 

enable a range of petrophysical and flow measurements under true triaxial stress and 
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elevated pore pressure conditions. Jelmert et al (2000) investigated correlations 

between permeability and effective stress, reviewing power-law relationships. They 

stated that straight-line correlations were inappropriate as opposed to polynomial fits 

to averaged core data. Warpinski and Teufel (1992) had previously fitted polynomial 

equations to experimental results. The reduction of permeability with effective stress 

increase is discussed further and mathematical relationships are presented by 

Nathenson (1999). The other experimental relationships between permeability and 

variation of stress that are common used in oil industry are summarized in Table 4 – 

1. 

Table 4-1: The summary relationships of stress sensitive permeability. 

Stress sensitive permeability models Main references Note 

P
iekk ∆γ−=  (Wyble 1958) 

eeiP σ−σ=∆  

γ : Permeability modulus. 
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slope. C=1/3 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
σ
σ

+
σ
σ

−=
2

ei

e

ei

e
i logTlogS1kk  

Extended from (Jones 
and Owens 1980) 

T: temperature 

( ) ( )( )32
i PcPbPa1kk ∆+∆+∆+=  (Warpinski and Teufel 

1992) 
a, b and c: constant 
parameters need to be 
determined by polynomial 
regression 

( ) Pc121
k
k

maxpp
i

∆+γ−=  
(Roegiers 2007) γp, cp are the pore shape 

empirical coefficient and 
pore compressibility, 
respectively. 

 



Chapter 4: Porosity and permeability in stress sensitive reservoir 

 

 75

4.3 The relationship between porosity changing and permeability 

reduction due to stress variation. Carmen – Kozeny’s equation 

Although permeability is more sensitive to change in pore structure than 

porosity (Mattax, McKinley et al. 1975), we have recently stated the relationship 

between strain and porosity (Equation 2-57) and linear equation of effective stress and 

strain (Equation 2-60). So, we can use the experimental relationship of Carmen-

Kozeny to model the influence of porosity changes on permeability integrated with 

stress field. According to Behrenbruch et al (2005), Carmen-Kozeny's equation can be 

arranged as  

 
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

φ−
φ

=
φ vgrps SτF

1
)(1

k0314.0  (4-1) 

Permeability k is in mD, φ is effective porosity in fractional bulk volume, Svgr is 

the specific surface area to grain volume ratio in µm-1, Fps is shape factor known as 

the Kozeny’s constant (2 for a circular cylinder) and τ  is tortuosity. 

 
gr3
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2
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vgr d
6

d
6

d
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π
π

==  (4-2) 

So  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
φ−

φ
=

φ τ26
d

)(1
k0314.0 gr  (4-3) 

So, it is important to note again that 

 Permeability increases dramatically with porosity which can be influenced by the 

stress state; 
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 Permeability also increases with grain radius dgr; and  

 Permeability reduces with tortuously τ; 

In the simplest case, if we consider dgr and τ keeping constant, we have the 

relationship between permeability and porosity  

 ( )φ= f.ak  (4-4) 

In which the constant “a” can be calculated from the initial permeability and 

initial porosity;  

 ( )
( )2

3

1
f

φ−

φ
=φ  (4-5) 

 

4.3.1 Case study using the advantage of modified Carmen – Kozeny’s 

equation to predict subsidence and compaction. 

For illustration purposes, the applications focusing on reservoir engineering are 

presented. The generally coupled formulation is summarized and is used to solve fluid 

flow and deformation problems for a radial flow model (chapter 2). The equations are 

based on the platforms of continuum theories of multiphase material. Results of this 

work can be specifically applied in studying compaction and subsidence in a reservoir 

simulation. 

 Model description 

This example simulates the subsidence and compaction of oil reservoir within 

radial model. The reservoir in this model is thick compared to the depth, perforated 

zone and a real field scale example as shown in Figure 4-1. 200 days of oil pumping 
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are simulated. The coupled model analysis is written within the Matlab programming 

environment and solves problems involving fluid flow through a saturated elastic 

porous medium under transient analysis.  

 

 

Figure 4-1: Production well model 

 

In this model, a fully penetrating well of radius rw is producing a single phase 

fluid at a constant rate q, from a saturated reservoir. The reservoir is assumed to be 

homogeneous and isotropic with a boundary being restrained from any radial 

displacement at the producing wellbore, but allowing free displacement in the vertical 

direction. A coarse mesh with isoparametric elements is selected for the illustrative 

purpose of this example. No mesh convergence study has been performed. 

At t = 0, the reservoir pressure is equal to the initial reservoir pressure. Applying 

an axisymmetric model, we used isoparametric elements for the porous media in all 

 x 

y 

z 

Production well 



Chapter 4: Porosity and permeability in stress sensitive reservoir 

 

 78

regions of the radial model which had 204 nodes meshed into 176 elements. Material 

properties of reservoir shows in Table 4-2 

 Permeability data 

At t=0, we have initial porosity and permeability from core analysis or logging 

data, so the constant can be calculated from Equation 4-5. From variation of porosity 

in simulation, the relationship between permeability and porosity presented in Figure 

4-2 
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Figure 4-2: Variation of permeability and porosity with modified Carmen-Kozeny’s 

relationship 

 

Table 4-2: Material properties of reservoir in the simulation 

Material properties Symbol Values Field unit 

Initial porosity φ 0.15 - 

Poisson’ ratio ν 0.25 - 
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Initial permeably k 300 mD 

Young’s modulus E 5.6 E6 psi 

Fluid density ρf 49.8 p/ft3 

Fluid compressibility Cf 15.E-06 psi-1 

Solid compressibility Cs 7.0E-06 psi-1 

Initial pressure at depth 4798 ft Pi 5000 psi 

Production rate q 1200 STB/d 

Well radius rw 0.5 ft 

External boundary R 7932 ft 

Depth z 4798 ft 

 

4.3.2 Results and discussion 

Effect on subsidence over time 
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Figure 4-3: Sink subsidence with different production time. 

The vertical deformation shown in the near wellbore environment can be 

calculated by solving the matrix of Equation 2-100 at each integration point. Figure 4-

t=200 days 

t=100 days 

t=50days 
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3 shows subsidence (displacement in the z direction) of the reservoir during fluid 

production at different times, with an initial porosity of about 15%. With simplified 

soil properties that were applied for all layers, subsidence is about 0.2ft after 50days. 

Subsequently, the subsidence will reach about 0.5ft and nearly 1ft after 100days and 

200days, respectively. Due to the boundary condition of the model that is being 

constrained from any vertical and horizontal displacement far from wellbore, the 

subsidence at the external boundary equals to zero.  

Investigating subsidence with differently initial porosity. 
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Figure 4-4: Subsidence of sink at differently initial porosity 

Figure 4-4 presented the subsidence results in two models with differently initial 

porosity 0.15 and 0.2, respectively. It is evident that the initial porosity has a 

significantly effect on subsidence.  An increase in the initial porosity parameter in the 

coupled simulation in which would produce a smaller change in effective stress and 

hence the subsidence would be smaller.  

φ=0.15 

φ=0.2 
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Pore pressure reduction 

A simulation of reservoir depletion was also run for both different porosity 

models applying the same initial conditions for fluid production. Taking into account 

the rock deformation and its effect within the coupled model, the results in Figure 4-5 

shows the gap between reductions in pore pressure between the two models. The 

results suggest that the pore pressure reduction in higher porosity model is less than 

the reduction in the lower porosity model. This result matches with previous 

conclusion about the influence of porosity parameter on subsidence simulation. 
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Figure 4-5: Pore pressure reduction with differently initial porosity models. 

 

Investigating the influence of stress on both the permeability and porosity. 

From previous experimental work, it was been shown that the permeability 

variation has a greater directly measurable effect on reservoir performance than 

porosity (Mattax et al. 1975). The results obtained in the modeling work are in 

φ=0.15 
φ=0.2 
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agreement with this finding, as shown plotted in Figure 4-6, where normalized 

porosity and permeability versus increasing effective stress are given. The results 

show a slight reduction in porosity when effective stress increases from 0 to nearly 

1500psia. On the other hand, normalized permeability is heavily influenced by 

effective stress. Therefore, not only the porosity has an impact but also permeability 

changes considerably on stress sensitive reservoir. 
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Figure 4-6: Normalized permeability and porosity (current by initial) plotted as 

function of effective stress. The initial porosity and permeability values are given. 

 

The detail conclusions in the relationship between permeability and reservoir 

stress can be found in Ta and Hunt (2005). 

Increase in effective stress. 

The result of fully coupling the model for reservoir simulation shows that when 

fluid is withdrawn from the reservoir, the pore pressure will be reduced. In turn, 

effective stress will be increased. Subsequently, the reservoir will deform causing 

ki=300mD 

φi=0.15 
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changes in pore structure which closely relate to permeability changes in the 

reservoir.  

Figure 4-7 clearly presents the increase in effective stress in the reservoir after 

nearly 200 days production. At the beginning of production, there is no sign of an 

increase in effective stress. However, after 30 days, the effective stress increases 

dramatically reaching about 1400psia after 200 days. This result should be considered 

for casing design and planning of reservoir development. 
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Figure 4-7: Effective stress increasing plotted with production times 

 

4.4 Analytical equation of sensitive permeability with in depletion 

reservoir pressure. 

It is well known that fluid pressure depletes during the oil production. As a 

result there is an increase in overburden stress. This stress in turn causes deformation 

of rock and consequentially permeability and porosity reduction as previously 
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presented. This section presents a mathematic model to estimate current permeability 

with radial oil flow toward wells in a deformable porous media which takes into 

account permeability change. 

Assumptions 

 Homogeneous reservoir 

 2D flow 

 Steady state pressure condition 

 Fluid in reservoir is compressible 

 Low compressible of rock 

4.4.1 Determination current permeability with production field data 

Applying Darcy’s law to the mass equation, we have a constant mass flux in a 

small well neighbor: 

 ( ) ( )
dr
dPkPkPrh2q

o

ro
m µ

ρπ=  (4-6) 

Rearranging Equation 4-6 and integrating with conditions on the radius of 

contour (r=Rc) and the radius of well (r=rw) 

 ( ) ( )∫ρ=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
π
µ res

we

P

Pw

c

ro

om dPPkP
r
Rln

rhk2
q  (4-7) 

Because fluid is compressible and permeability is sensitive with reduction of 

pore fluid pressure, we have (Wyble 1958) 

 ( ) ( )( )iPP
ieP −βρρ=ρ  (4-8) 

 ( ) ( )( )ik PP
iekPk −β=  (4-9) 
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To determine the value of βk 

Equation 4-6 becomes 

 
( )( ) ( )( )[ ]reswires PPPP
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⎛
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 (4-10) 

 With kβ+β=β ρ  

Let us express mass flux in term of volumetric flux 

 ( ) ( )( )iw PP
iwm eqPqq −βρρ=ρ=  (4-11) 

Substitution of mass rate expression into Equation 4-10 for initial reservoir 

condition Pres=Pi and for current reservoir condition Pres 
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and 
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Dividing Equation 4-12 by Equation 4-13, we have 
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Due to the assumption of steady state conditions, the difference between the 

reservoir pressure and well pressure is constant during reservoir depletion 

 wreswii PPPPP −=−=∆  (4-15) 

Equation 4-14 then becomes 
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 (4-16) 

So, the rate between current flux and initial flux is 
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Choosing region with constant drawdown in well history, we can have the value 

of βk using for estimation current permeability. 

4.4.2 Determination of current permeability from tested core data. 

A formulation for permeability decline allows us to obtain an expression for 

determination of the permeability decrement βk (Wyble 1958) from tested core. 

 ( )
( ) ( )ik

i

PP
Pk
Pkln −β=⎥
⎦

⎤
⎢
⎣

⎡
 (4-19) 

The routine procedure to measure pressure sensitive permeability in the 

laboratory is described as following: 

 Flow fluid through core with initial pressure; 
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 Permeability is calculated based on Darcy’s law and measured flow rate; 

 This routine is repeated with other reducing pressures; giving other values of 

permeability; 

 Using the semi-logarithm graph, the value of βk from flow test on core can be 

determined. 

 

4.4.3 Planning for management in reservoir with the change in 

permeability. 

 Conduct the test for determination of factor of permeability reduction (βk) from 

core test. 

 Analyse the well test data and production data to determine value of βk. 

 Compare and average two values βk from field data and lab data. 

 Model oil flow toward the producing well in a compaction reservoir model. 

 Prediction of production rate for deformable reservoir. 

 

4.4.4 Applications 

In this example, production data from well test and core experiment are used to 

determine the value of βk. Figure 4-8 shows the plot of log of the ratio qi/q as function 

of reservoir depletion pressure. The solid straight line in Figure 4-8 is based on least 

square method. As a result, the permeability decrement βk=0.0529 is obtained from 

slope of the straight line. 
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Figure 4-8: Plot of log of the ratio qi/q as function of reservoir depletion pressure 
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Figure 4-9: Plot of log of the ratio ki/k as function of pressure decrease in laboratory 
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Figure 4-9 presents the plot of log of the ratio ki/k as function of pressure 

decrease in laboratory. The line of best fit is the straight line in Figure 4-9 calculated 

from the least square method. The value of permeability decrement is 0.0263 1/Mpa. 

Interestingly, the permeability decrement obtained from welltest data in is nearly 

twice high than the permeability decrement from core testing in this example. The 

reason is due to differences between the scale of the reservoir and core scale. In the 

reservoir, fluid flows through the whole reservoir where quality of rock varies in a 

range from unconsolidated sand to consolidated sand. On the other hand, core sample 

is more consolidated when putting into Hassler sleeve holder. Consequently, the 

compressibility in reservoir scale is expected to be higher than the compressibility of 

the core sample. Under production and testing with overburden conditions, the rate of 

pore volume reduction in core sample is lower than the rate of pore volume reduction 

in reservoir. Therefore, based on the relationship between porosity and permeability 

in Carmen – Kozeny’s equation, permeability reduction is also higher in reservoir 

condition compared to laboratory conditions. 

4.5 Permeability and porosity core data in South Australia oil field 

4.5.1 Apparatus and experimental procedure 

The experiments to determine the stress sensitive reservoir properties were 

performed using a LP401 permeameter and helium porosimeter for measurement of 

porosity, permeability. Plug samples 1.48in (3.7cm) in diameter and 1.72in (4.3cm) in 

length were tested in Hassler sleeve holder capacity up to 6000psi confining pressure 

uniformly as overburden pressure. Permeability to fluid could be controlled with 

difference pressure between input and output up to 125psi and measured at low flow 
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rate to avoid turbulence. In this research, the effective maximum stress is difference 

between the external applied stress and average fluid pressure. 

 

 

Figure 4-10: LP401 permeameter 

 

4.5.2 Porosity, permeability properties at overburden stress condition 

Only limited work was undertaken on the reservoir unit porosity–permeability 

trends in the Eromanga-Cooper basin. The most significant observation is that there is 

no simple relationship or adequate models for estimating the reservoir quality with 

depth in the Cooper-Eromanga basin (Table 4-3). Consequently, a simplified 

relationship was used in order to demonstrate the stress permeability effect in this 

compaction study (Jelmert, Torsceter et al. 2000). The absolute radial permeability 
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values ranged from about 0.2mD to 18mD and they decreased in virtually all samples 

as a function of increasing effective overburden stress.  

Table 4-3: Porosity and permeability at ambient conditions (AC) and overburden 

condition (OC) in the Cooper basin 

Formation Depth 

(m)  

Press 

(psi) AC 

Porosity 

(%)AC 

Perm 

(mD)AC 

Press 

(psi)OC 

Porosity 

(%)OC 

Perm 

(mD)OC 

 Cuddapan 2663 1000 9.2 1.58 3861.35 8.74 1.054 

Tinchoo 2497 1000 11.9 26.1 3620.65 11.305 18.459 

Wimma 2157 1000 10 0.926 3127.65 9.5 0.471 

Paning 2173 1000 11.6 1.98 3150.85 11.02 1.328 

Callamurra 2465 1000 9.7 0.62 3574.25 9.215 0.252 

Toolachee 2180 1000 12.4 3.363 3161 11.78 2.280 

Daralingie 2424 1000 9.7 0.397 3514.8 9.215 0.125 

Epsilon 2409 1000 9.1 0.68 3493.05 8.645 0.291 

Patchawarra 2463 1000 10.5 0.933 3571.35 9.975 0.476 

Tirrawarra 2643 1000 11.1 1.59 3832.35 10.545 1.061 

Merrimelia 2990 1000 7.7 0.109 4335.5 7.315 0.017 

 

 

Figure 4-11 shows a compilation of all permeability data for the Eromanga 

Basin, normalized with respect to the first permeability measurement at about 145psi 

effective vertical stress. The normalized permeability range shows a maximum 

permeability reduction for the Namur, Hutton and Murta formations of 30%. On the 

other hand, the normalized permeability for the Poolowanna and Birkhead formations 

decreased only 10%.  
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Figure 4-11: Normalized permeability as a function of effective overburden stress for 

Eromanga Basin. Core 1 and core 2 are the Berea Sandstone used for comparative 

purpose 

4.6 Conclusions 

This chapter illustrated the impact of stress sensitive reservoir to porosity and 

permeability. Firstly, this study presented both theoretical and experimental work in 

which stress-dependent permeability and porosity relationships are applied in a 

coupled reservoir simulation. Secondly, modified Carmen-Kozeny’s equation is then 

used to generate the relationship between porosity and permeability. A modeled 

example study clearly describes the large impact of the change in permeability on the 

compaction results for a stress sensitive reservoir. Finally, the most important result of 

Chapter 4 shows principles for calculating reduction of permeability in a pressure 

Namur 

Murta 

Birkhead 

Hutton Core1 

Core2 

Poolowanna 
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depletion scenario. Thus, the methodology can be applicable in determining current 

permeability in both field and laboratory – based data of stress sensitive reservoirs. 

Experiment results from the Eromanga–Cooper basins show that permeability 

decreased by 5 to 10% of the initial permeability for every 1000 psi decrease in 

reservoir fluid pressure. Most experimental results are in agreement with previous 

research of compaction/permeability experiments (David and Crawford 1998) but 

disagree with results of Rhett & Teufel (1992), who showed that permeability can be 

increased during unaxial compaction of sandstone reservoir. The observation of 

increased permeability is only matched when two core sample of the Berea Sandstone 

is at failure point where fissures are generated. 
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CHAPTER 5: STRESS VARIABILITY AROUND LARGE 

STRUCTURAL FEATURES AND ITS IMPACT ON 

PERMEABILITY FOR COUPLED MODELING SIMULATIONS. 

 

 

 

5.1 Introduction 

Understanding rock mass stress away from the borehole is a major obstacle in 

the exploration and development of hydrocarbons. It is standard practice in the 

petroleum industry to use drilling data to determine the orientation and estimate the 

magnitudes of principal stresses at depth. However, field observations indicate that 

the orientation of the principal stresses is often locally perturbed by and around 

discontinuities, such as faults or formation boundaries (Kattenhorn et al. 2000; 

Maerten et al. 2002). Numerical stress methods have been successfully employed to 

model the effect of displacing faults on the surrounding rock mass. 3D distinct 

element code has been used to show how displacing faults generate stress variation in 

3D about a fault plane (Camac et al. 2004), verified with field observations. In this 

work, stress variation mathematic models due to discontinuity and large structure are 

presented. In addition, consideration is made of this variability and its effect on 

wellbore’s subsidence and compaction due to production. A model was run which 

incorporate the stress variability expected around an example fault under normal 

stress field conditions. The models show that the initial stress state conditions 

associated with a fault give rise to a variation in the stress path during reservoir 
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production and resultant permeability changes are measured. The extent of the 

influence of lateral changes around large-scale structural features is thereby assessed 

and the work demonstrates the importance of incorporating this initial stress 

variability for production purposes. 

5.2 Petroleum geomechanics 

This section concerns about geomechanics aspect related to the stress in the 

crust and in situ reservoir condition. Because the surface of the Earth is free, there is 

no shear stress acting on the surface. As a result, we have the vertical principle stress 

direction normal to surface (σv). Consequently, there are two principle stresses (σH 

and σh) remaining in horizontal plane. 

According to Anderson (1951), the stress system in the crust can classify into 

three different stress regimes. 

 Normal fault model: σv > σH > σh  (σ1=σv, σ2=σH, σ3=σh) 

 Strike-Slip fault model: σH > σv > σh (σ1=σH, σ2=σv, σ3=σh) 

 Reverse fault model: σH > σh > σv  (σ1=σH, σ2=σh, σ3=σv) 

These models are shown in Figure 5-1 
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     Normal Fault Model     Strike-Slip Fault Model 

 

 

 

 

    

 Reverse Fault Model 

Figure 5-1: Three different stress regimes, after (Hillis 2005) 

 

The vertical stress σv increases with depth. In most case, vertical stress is 

calculated from gravity by multiplying the unit weight of the rock by its depth below 

the surface. The two remaining of horizontal stresses are usually predicted from 

elastic rock properties and vertical stress. As a result, variation of elastic rock 
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properties in different lithologies or geology structure can cause to variation in 

estimation of horizontal stress as shown in Figure 5-2 

 
Figure 5-2: Stress variation in field. 

 

In field, rock stress can only be measured at local points in space. Thus, 

determination of the state of stress in large rock masses is affected by many factors 

such as heterogeneities, faults, rock density and horizon boundaries. The effect of 

heterogeneities on stress field has been the subject of some Australian field 

observations by Hunt et al. (2003). The results presented a relationship for the ratio of 

maximum to minimum principal stress (k), fault orientation (θ) and friction angle (φ) 
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between faults and the generated stress perturbation in the surrounding rock mass. 

The results show that faults and horizon boundaries can greatly affect the magnitude 

and orientation of the rock stress components. 

5.3 Theory of stress variation due to a large structure. 

Rock fracture and fault are created by rock failure which occurs on the plane as 

a function of the shear stress and normal stress acting on that plane.  

The normal stress and shear stress acting on the plane in a two dimensions stress 

field can be estimated by: 

 ( ) ( ) θσ−σ+σ+σ=σ 2cos
2
1

2
1

2121n  (5-1) 

 ( ) θσ−σ=τ 2sin
2
1

12  (5-2) 

Where σn is the normal stress, τ is the shear stress, σ1 and σ2 are minimum 

principle stress and maximum principle stress, respectively. θ is the angle between the 

maximum principle stress and the plane. 

Plotting Equation 5-1 and Equation 5-2 we have Mohr’s circle of stress with 

radius: (σ2 – σ1)/2 and centre: (σ2 +σ1)/2 showing in Figure 5-3. 
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Figure 5-3: Mohr’s circle 

According to Mohr’s hypothesis, rock failure by shear stress occurs when shear 

stress along some planes in the sample is too large as described by 

 ( )nf σ=τ  (5-3) 

 

By choosing the specific form of the function f, failure criteria are obtained. We 

have the common form of the Mohr-Coulomb criterion which assumes a liner 

function f. 

 noS µσ+=τ  (5-4) 

 

Here So is the inherent shear strength or cohesion of the material, and µ is the 

coefficient of internal fiction. 

σ1=20Mpa 

σ2=5Mpa 
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Figure 5-4: Stress state at failure situation 

The coefficient of friction calculated for the case non-zero of cohesion strength 

when the sample failure is  

 

 
n

0' Stg
σ
−τ

=φ=µ  (5-5) 

The common method to calculate the cohesion strength using the unaxial rock 

strength Co in laboratory testing is 

 

 ( )( )µ++µ
= 2/12

o
o

12
CS  (5-6) 

σ1=15Mpa 

σ2=8Mpa 

σ1=25Mpa 

σ2=8Mpa 

σ1=42Mpa 

σ2=8Mpa µ=0.6, So=5Mpa 

µ=0.6,So=0 
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5.3.1 Effective stress principle 

Most physical properties of rock in reservoir are controlled by Terzaghi’s law of 

effective stress where effective stress (σ’) equals to total stress (σ) minus pore fluid 

pressure (P) 

 

 P' α−σ=σ  (5-7) 

Where α is Biot’s constant 

According to Teufel et al. (1991) rock deformation and failure occurs in 

response to effective stress. In general, this means when the pore fluid change in 

reservoir, effective stress will vary as Figure 5-5.  It can be seen that increasing 

effective stresses equals to variation of pore pressure in conventional model. 

 

-25

-20

-15

-10

-5

0

5

10

15

20

25

-5 0 5 10 15 20 25 30 35 40 45

Normal Stress

S
he

ar
 S

tr
es

s

 

Figure 5-5: Moving of Mohr’s circle due to fluid injection 

∆P 

σ1=25Mpa 

σ2=8Mpa 

∆P=8Mp 
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So, effective stress tensor in reservoir can be written as 

  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

α−σ
α−σ

α−σ

P00
0P0
00P

v

h

H

    (5-8) 

5.3.2 Influence of pore pressure on stress field 

We have so far discussed the principle of effective stress but the changing of 

horizontal stress due to fluid withdrawing and elastic rock properties have been 

ignored. This overestimates the value of the stress field. The elastic unaxial strain 

model, based on passive basin assumption, has been commonly used in estimation of 

the horizontal stresses. Under conditions of gravitational forces, lateral constrain and 

no horizontal displacement, horizontal stress in a passive basin without fault is 

calculated as: 

 

 ⎟
⎠
⎞

⎜
⎝
⎛

ν−
ν−

α+σ⎟
⎠
⎞

⎜
⎝
⎛

ν−
ν

=σ
1

21P
1 vh  (5-9) 

 

In this case, it is assumed makes that horizontal stresses are equal Hh σ=σ  
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Figure 5-6: Variation of Mohr’s circle due to fluid production within a passive basin 

regime 

However, observations in many fields confirm that large structural features can 

change in situ stresses at depth. This means the assumptions of the passive basin 

model need to be reinvestigated. 

 

5.3.3 Effect of fault or a large structure on stress field. 

The normal stress (σn) and shear stress (τ) on the fault plane are 

 ( ) ( ) θσ−σ+σ+σ=σ 2cos
2
1

2
1

2121n  (5-10) 

 ( ) θσ−σ=τ 2sin
2
1

12  (5-11) 

Conventional model 

σ1=14Mpa,σ2=5Mpa,∆P=3Mp
Passive basin regime 

σ1=17Mpa,σ2=8.3Mpa,∆P=3Mp 
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Because only effective stress cause rock deformation and failure, the sliding 

condition on a pre-existing fault plane also is written as 

 '
n

'
n 'tg σφ=µσ=τ  (5-12) 

Substituting Equation 5-10 and 5-11 to Equation 5-12, we have  

 ( )
11

3 PK1K
σ
α

−+=
σ
σ

αα  (5-13) 

Where 

  

( ) ( )
( ) ( )'sin'2sin

'sin'2sinK
φ+φ+θ
φ−φ+θ

=α  (5-14) 

Equation 5-14 reaches the maximum value at the fault angle 
2
'450 φ

−=θ  where 

the fault is weakest, and stress ratio becomes 

 

 
11

3 P
'sin1

'sin2
'sin1
'sin1

σ
α

φ+
φ

+
φ+
φ−

=
σ
σ  (5-15) 

Applying the Equation 5-15 for a normal fault system, we have 

  

( )
vv

h PK1K
σ
α

−+=
σ
σ

αα  (5-16) 
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Normal fault stress regime
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Figure 5-7: Variation of Mohr’s circle due to fluid production within normal stress 

regime. 

 

For reverse fault conditions, where vhH σ>σ>σ , the magnitude of the 

maximum horizontal stress acting on the fault plane can be written as: 

 ( )
vv

H PK1K
σ
α

−+=
σ
σ

ββ  (5-17) 

With 
α

β = K
1K  

Conventional model 

σ1=20Mpa,σ2=3Mpa,∆P=5Mp

Normal fault stress regime 

σ1=25Mpa,σ2=6Mpa,∆P=3Mp 
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Thrust fault stress regime
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Figure 5-8: Variation of Mohr’s circle due to fluid production within thrust stress 

regime. 

 

Equation 5-17 satisfy the condition of a pure thrust fault if the given fault angle, 

fault friction and ( )β+
≥ν

K1
1  

Otherwise, the stress regime becomes strike-slip stress system with  

hvH σ>σ>σ  

Finally, we  have 

 ( )( ) ( )[ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
σ
α

ν−ν−−
+ν

=
σ
σ

ββ
β vh

H P1KK
K1

1  (5-18) 

Conventional model 

σ1=27Mpa,σ2=6Mpa,∆P=9Mp 
Normal fault stress regime 

σ1=56Mpa,σ2=15Mpa,∆P=7Mp 
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5.4 Sensitivity of permeability to stress perturbation and influence of a 

discontinuity on permeability 

The previous chapter shows the permeability changes under a depleted reservoir 

condition. Most researchers reached the conclusion that permeability is reduced from 

10% to 30% when confining stress was increased in a range of 1000psi to 8000psi 

(Holt 1990; Warpinski and Teufel 1992). Further results showed that the reduction of 

permeability in a low permeability core is greater than reduction of permeability in a 

high permeability core (Vairogs and Rhoades 1973), implying that only certain rock 

types demonstrate significant stress sensitive permeability. In most cases, a decrease 

in permeability occurred with increasing stress. One exception to this is where 

dilatancy leading to brittle failure occurs under triaxial conditions; in which high 

shear stresses are acting.  

A number of field studies relating to compaction and subsidence in the North 

Sea have also shown that permeability changes during production significantly 

influenced the stress path of the reservoir (Rhett and Teufel 1992; Economides, 

Buchsteiner et al. 1994). Consequently, there is no doubt that the constant 

permeability values assumed in conventional reservoir simulation may result in 

considerable errors. The investigation of the influence of the stress path under varying 

reservoir conditions was further discussed by Mashiur and Teufel (1996). Importantly 

the results presented, demonstrated that sensitivity of permeability due to stress 

perturbation was not only dependent on effective stress but also on the size, geometry 

and other reservoir properties (e.g. reservoir boundary conditions). These 

experimental results on stress sensitivity demonstrated that the maximum 
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permeability direction is parallel to the maximum principal stress and the magnitude 

of permeability anisotropy increases for lower stress paths. The modeled results of 

other research (Camac, Hunt et al. 2004) showed that the stress regime along the fault 

strike, are most sensitive to friction angle (φ), with the perturbation generated up to 

1.4 times the magnitude of the maximum principal regional stress. As a result of 

increasing stress, permeability and porosity will change as discussed in previous 

section. 

5.5 Case study on the impact of large structure features on permeability  

5.5.1 Introduction of case study 

To investigate the influence of a discontinuity causing stress perturbation on 

permeability, the Eromanga-Cooper Basins were used as case example (Figure 5-9). 

These fields are located in central and eastern Australia. The saucer-shaped Eromanga 

basin extends over one million square kilometers in Queensland, New South Wales, 

South Australia, and the southeast of the Northern Territory. The Eromanga-Cooper 

Basins is overlain by the Lake Eyre Basin, a succession of Tertiary and Quaternary 

age sediments occurring extensively throughout central Australia. 
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Figure 5-9: Stratigraphy summary of Eromanga Basin (Boreham and Hill 1998) 

These sediments are gently folded in some areas and contain a succession of 

extensive sandstone formations that serve as oil reservoirs and regional aquifers. The 

majority of oil producing reservoirs in the Eromanga-Cooper Basins is classified as 

‘water drive’ reservoirs. Oil pools are usually found in formations that also contain 

considerable quantities of water. As a result of the differing physical properties of oil 

and water, over time the oil tends to ‘float’ to the surface and sit above the water. 

These formations usually exist under pressure so when they are accessed by drilling a 

borehole the oil will flow to the surface. 
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Figure 5-10: Stress perturbation around the tip of fracture 

 

Theoretically, the fault system usually is a consistently parallel SHmax orientation 

(Figure 5-10). However, field observed data in Eromanga-Cooper Basin showed that 

the degree to which the stress field is perturbed relates to the contrast in 

geomechanical properties at the interface (Camac, Hunt et al. 2004; Reynolds, 

Mildren et al. 2005). Stress perturbations also occur as a result of slip on preexisting 

faults in rocks with homogenous elastic properties. In this situation, the stress 

perturbations are greatest at the tips of the discontinuity and can vary as a result of 

factors such as the differential stress magnitude, fault models, the friction coefficient 

on the discontinuity and the strike of the discontinuity relative to the far-field stress.  

It is also noted that when fluid is withdrawn from the reservoir, the in situ stress 

will be changed. In turn, due to stress perturbation at the discontinuity, a change in the 

hydrocarbon production may occur. This situation should be considered seriously at 
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the point that stress changes associated with depletion are complicated in compaction 

reservoir under pore fluid pressure reduction (Ta and Hunt, 2005). In this case 

example, considering the influence of a discontinuity, the minimum stress-depletion 

response in the far field region of active normal faulting may be expressed (Addis, 

Last et al. 1996) as following 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
φ+

φ
∆=σ∆ '

'

3 sin1
sin2P  

This equation is suitably applied for the Eromanga-Cooper basins because the 

minimum stress acts on the fault plane.  

5.5.2 Model description  

This study analyses the impact of assigning different initial permeability to a 

coupled wellbore production model. Table 5-1 shows the values selected for a 

reservoir simulated using the symmetric well model in the Eromanga-Cooper basins.  

Table 5-1: Material properties of reservoir in the simulation 

Material properties Symbol Values Field unit 

Initial porosity φ 0.15 - 

Poisson’ ratio ν 0.25 - 

Initial permeability k 30 mD 

Young’s modulus E 5.6 E6 psi 

Fluid compressibility Cf 15.E-06 psi-1 

Solid compressibility Cs 7.0E-06 psi-1 

Initial pressure  Pi 5000 psi 

Production zone N/A 1400-1800 ft 

Well radius rw 0.5 ft 

External boundary R 7932 ft 



Chapter 5: Stress variability around large structural features and its impact on 

permeability for coupled modeling simulation 

 112

Depth z 4798 ft 
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Figure 5-11: Symmetric well model 

The importance is to simulate the effect permeability variation due to stress 

perturbation can have on subsidence and compaction estimates for the oil reservoir 

within the radial model. The reservoir in this model is assumed to be thin related to 

the depth, the perforated zone and a field scale example as shown in Figure 5-11. Oil 

production is simulated over a 200-day period. In this model, the well of radius rw is 

producing a single-phase fluid at a constant rate q, from a saturated reservoir. The 

reservoir is assumed to be homogeneous and isotropic, with a boundary being 

restrained from any radial displacement at the producing wellbore, but allowing free 

displacement in the vertical direction. The study looks at the concept of introducing a 

large structural feature which will laterally give rise to a perturbation in the local 

stress field that will in turn influence the evolving reservoir permeability and final 

subsidence. Due to boundary condition that is being restrained from any vertical and 
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horizontal displacement far from wellbore, the subsidence at the external boundary 

equals zero. This effect could increase significantly in the area around the wellbore 

where pore pressure is at a minimum. At a distance far from the wellbore, this 

influence will decrease and reach the initial value. The coupled model analysis is 

written using the Matlab programming environment and solves problems involving 

fluid flow through a saturated elastic porous medium under transient condition. 

Mechanical properties derived directly from core data were averaged for the purposes 

of the reservoir simulation.  

5.5.3 Results and discussions 

Figure 5-12 shows the subsidence of the reservoir during fluid production for 

the conventional and the stress coupled permeability models with an initial porosity of 

15%. The subsidence varied between 0.9ft and 0.95ft for the models run over a 200-

day period, respectively. Consequently, it is evident that stress sensitive permeability 

has an increased effect on the subsidence magnitude.  
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Figure 5-12: Subsidence variation between conventional permeability (permeability 

fixed throughout model run) and stress sensitive permeability (permeability permitted 

to vary throughout model run) models after 200 days of production (ki = 30md, φi = 

0.15). 

A simulation of reservoir depletion was also run for different stress sensitive 

models by applying the same initial conditions for fluid production. Figure 5-13 

shows the influence of a discontinuity on possible lateral subsidence variation 

resulting in three models with different initial stress perturbation at the boundary such 

as faults or fracture. This is done in order to assess sensitivity for a stress sensitive 

reservoir to possible variation in stress caused by heterogeneity. It can be seen that the 

subsidence increases from nearly 0.91ft to 0.95 ft over a 200-day simulation run. The 

results suggest that an increase in stress due to a large feature could lead to a 

significant variability in the coupled model runs.  
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Figure 5-13: Influence of a large structure on subsidence, ∆σ3 is the variation in the 

predicted applied horizontal stress possible around a discontinuity such as a fault, 

∆σ3=0 psi  

∆σ3=100 psi  
∆σ3=150 psi  
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(applied in the stress sensitive permeability models after 200days with ki=30md, 

φi=0.15). 

 

Moreover, because the deformation increased in the near wellbore region, rock 

properties are expected to change inelastically. Consequently, petrophysical 

parameters, including permeability and porosity, will be further complicated. So 

detailed, more qualitative calculation investigations are required in future within this 

plastic regime. 

5.6 Conclusions 

This chapter presents the impact of a large structure on stress regime. 

Mathematical models were derived for each fault model so as estimate stress 

perturbation. All models are based on Mohr–Coulomb’s criteria in faulted area.  

Analysis of different fault stress regimes show that effective stress regimes vary 

significantly when compared to a conventional model.  

Chapter 5 also emphasizes on reservoir engineering applications. Important 

results described in this chapter illustrate a step forward in understanding in 

increasing of effective stress that is the main factor controlling permeability in an area 

surrounding a large structure. The relationship between permeability and the change 

in effective stress that is perturbed by a large structure is also used in investigation of 

compaction and subsidence. 
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CHAPTER 6: DETERMINATION OF NEW RELATIVE 

PERMEABILITY CURVE DUE TO COMPACTION AND ITS 

IMPACTS ON RESERVOIR PERFORMANCE 

 

 

 

6.1 Introduction 

Compaction and subsidence due to oil and gas production can be observed in 

several fields around the world, in the Gulf of Mexico, the North Sea, and onshore, 

for example California and Venezuela. In Australia, compaction and subsidence 

problems were mainly documented for the Gippsland basin.  

As a result of compaction, changes in reservoir properties may be observed. 

Several researches have identified the impact of compaction on reservoir properties. 

In this chapter the intention is to analyze the variation of water production due to 

compaction in a field in Venezuela. The produced water appeared to be not associated 

with any aquifer. So where does the water come from? Analysis by engineers at the 

time believed the water to be associated with changes in the pore structure, where the 

produced water is due to volume changes of immobile water and mobile water as the 

result of compaction. This also means that relative permeability curves would have 

changed when rock deformed. 

The objectives of this chapter may be presented as follows: 
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 Overview of methods to predict new irreducible water saturation (Swir) due to 

compaction; 

 Introduction of methodologies for creating new relative permeability relationships 

based on new endpoint data; 

 Analysis of water production due to compaction, and critical points of updating 

relative permeability curves to properly simulate reservoir fluid flow under 

compaction; 

 Coupled reservoir simulation using updated relative permeability curves applied 

to an area in the Bachaquero field - Venezuela. 

6.2 End-points in relatives permeability curve  

6.2.1 Irreducible water saturation 

Water saturation is the fraction of water volume in the rock in respect of the 

total pore volume. Formation water always appears in reservoir formations, even if 

hydrocarbons are present. It is typically remaining brine (connate water) trapped in 

geological time in the rock matrix after the migration of oil or gas, displacing some of 

this water. The distribution of water saturation is dominated by capillary, viscous and 

gravity forces. The water saturation will be one hundred percent below the free water 

level (water-wet rock). In the transition zone, water saturation varies, depending on 

capillary forces. Water saturation becomes irreducible, Swir, higher up in the 

hydrocarbon column, above the transition zone. 
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Irreducible water saturation presents the lowest water saturation at the crest of 

the hydrocarbon accumulation, given by: 

 
t

wir
BVWiS
φ

=  (6-1) 

Where: BVWi is irreducible Bulk Volume Water and φt is total porosity. 

The magnitude of that saturation is governed by fluid densities, wettability, 

interfacial tension as well as pore size and geometry. As the effect of compaction, 

pore size and geometry will be changed, affecting the magnitude of irreducible water 

saturation. Generally, Swir would increase as the pore size decreases; however, that 

variation of Swir is not a simple linear function. The relationships of porosity and 

irreducible water saturation, specifically value of φxSwir, have been studied by several 

authors.  

Weaver (1958) was the first one considering constant value of  φxSwir in the 

homogeneous carbonate with the uniform matrix. Later, Buckles (1965) suggests the 

reciprocal relations between φ and Swir to be constant with the idealized system of 

spherical particles, requiring (1) the linear relationship between surface area and Swir 

and (2) hyperbolic relations between porosity and surface area.  Morrow (1971) 

correlates irreducible water saturation of wetting phase with the “packing 

heterogeneity”, which depends on the three-dimensional distribution of grains and the 

consolidating cement. The author suggests that irreducible water saturation would be 

independent to particle sizes, but have high correlation with packing heterogeneity. 

Measured irreducible water saturation was then proposed to characterize the packing 

heterogeneity properties of reservoir rocks. 
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At the same time, Holmes et al. (1971) comprehensively review effects of rock, 

fluid properties, and their relations to the fluid distribution of sandstone. The 

qualitative relations among surface area, average pore entry radius and Swir were 

established. Some important points relating to the relations of Swir and porosity were 

generated from their study: 

 The surface area cannot be correlated with porosity as discussed by Buckles 

(1965); therefore, porosity cannot be combined in any simple form with Swir. 

 The Swir basically has the negative correlation with the surface area and positive 

correlation with the average pore entry size. 

 The increase in cementation would generally cause the increase in surface area. 

As Swir increases with the increase in surface area, Swir will consequently increases 

as the result of the cementation increase. 

 The sandstones with large pore size will have small surface area and high average 

pore entry radius, hence will have low Swir value. Contrastingly, the smaller-pore-

size rock will have higher tortuosities, high surface area, low average pore entry 

radius, and hence will have high irreducible water saturation. 

 Large scatter of data was observed when plotting porosity-surface area and 

porosity-Swir, indicating that there is not a simple correlation between porosity 

and the latter properties not to be simple. 
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In conclusion, variation in porosity is expected to influence Swir by means of the 

following: pore volume, surface area, and average pore radius. The relationship 

between Swir and porosity is, therefore, complicated.  

6.2.2 Predicting the variation of Swir according to the variation of porosity 

In this section, relationships linking porosity and irreducible water saturation are 

briefly discussed. Such relationships are derived based on a combination of the 

modified Carmen-Kozeny’s equation and the empirical relationship between 

permeability, porosity and irreducible water saturation. 

A number of correlation equations between permeability, porosity and 

irreducible water saturation have been suggested by several authors. The general 

empirical relationship is proposed by Wylie and Rose (1950), is: 

 

 R
wir

Q

S
Pk φ

=  (6-2) 

 

where P, Q, and R are parameters which are calibrated to fit the core data. 

Based on the above general relationship, various relationships are proposed. 

Among them are the relationship from Timur (1968) based on 155 sandstone core 

measurements from different field.  

Timur’s expression is: 

 

 2

4.4

wir
S

136.0k φ
=  (6-3) 
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By comparison, the general form of the modified Carmen-Kozeny’s equation 

gives a correlation of permeability as the function of porosity, specific surface area, 

tortuosity and pore shape factor, as follows: 

 

 
( )22

vgr
2

ps

3

1SF
k

φ−τ
φ

=  (6-4) 

where Fps, τ and Svgr are pore shape factor, tortuosity and specific surface area.  

The inverse relationship between tortuosity and porosity is suggested by several 

authors. Pape et al. (1999) have studied the fractal pore-space geometry and express 

their relationship as follows: 

 

 
φ

≈τ
67.0  (6-5) 

The combination of the (6-3), (6-4) and (6-5) gives: 

 

 3.0psvgrwir
)1(FS247.0S

φ
φ−

=   (6-6) 

When reservoir fluids are extracted, due to the increment of effective 

overburden pressure, reservoir formation is compacted. The compaction process can 

be briefly divided into 2 phases: 

 

 Re-arrangement: Under overburden pressure, loosed grains are re-arranged to 

reduce pore volume between them. The tendency of the re-arrangement is to 
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reduce the exposed grain surface to fluid, hence alters the specific surface area. 

However, as the definition from Tiab and Donaldson (2004), specific surface area 

is the total area exposed within the pore space per unit of grain volume, thus 

would increase if pore volume reduced. As the result, there should be no apparent 

relationship between specific surface area and porosity. Holmes et al (1971) also 

support that point when doing the study of lithology, fluid properties and their 

relationship to fluid saturation. With the assumption of insignificant changes of 

pore shape factor and specific surface area, the changes of irreducible water 

saturation from Swir1 to Swir2 when porosity reduces from φ1 to φ2 should be: 

  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
φ−
φ−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
φ
φ

=
1

2

3.0

2

1
1wi2wir 1

1SS  (6-7) 

 

As porosity reduces due to compaction, the new irreducible water saturation 

should become higher. 

 

 Grain-crushing: This stage may occur with more extreme compaction after no 

further re-arrangement can be accommodated. The mean grain diameter dgr and 

grain shape factor Kgs significantly change. While the grain diameter decreases, 

the grain shape factor tends to increase to heighten the level of grain sphericity 

and roundness. Tiab and Donaldson (2004) suggest that Kgs should approaches 6 

when grains are perfectly spherical. The general relationship of the mean grain 

diameter, grain shape factor and specific surface area is suggested as following: 
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gr

gs
vgr d

K
S =  (6-8 ) 

  

The combination of (6-6) and (6-8) under the reduction of porosity due to grain 

crushing yields: 
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The slight increment of grain shape factor Kgs and especially the reduction of 

mean grain diameter dgr cause irreducible water saturation to increase much higher in 

the grain crushing phase to compare with the increment of irreducible water saturation 

in the re-arrangement phase. 

6.2.3 Water production due to compaction 

The basic definition of water saturation is: 

 

 
pore

water
w V

VS =  (6-10) 

Water becomes movable in a reservoir when water saturation is higher than 

irreducible water saturation. The movable water should be the difference between 

water saturation and irreducible water saturation timing pore volume. 

In reservoir, the bulk volume change due to compaction. The pore volume 

decreases, causing water saturation to increase.  
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1

2

1pore

2pore

2w

1w

V
V

S
S

φ
φ

==  (6-11) 

 

Therefore, the new water saturation due to porosity change should be: 

 
2

1
1w2w SS
φ
φ

=  (6-12) 

 

The irreducible water saturation, as discussed above, should also increase. 

However, the increase in water saturation is higher than the irreducible water 

saturation, which causes the water to be movable. The changes in irreducible water 

saturation are different depending on stage of compaction, causing the water 

production to vary. Water production due to compaction can be explained as the 

following figure: 
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 Figure 6-1: Water production due to compaction 

 

As mentioned above, grain crushing phase is the phase that greatly increases the 

irreducible water saturation. Depending on the level of crushing, water production can 

be reduced or even halted as described in the Figure 6-1. Due to reservoir 

heterogeneities, reservoir compaction occurs differently throughout the reservoir, 

causing water production to be various.  

6.2.4 Residual oil saturation 

Residual oil saturation is defined as the fraction of volume of oil that cannot be 

displaced over pore volume. In experimental conditions, both residual oil saturation 

and irreducible water saturation depend on capillary pressure. However, for the 
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experiment, the irreducible water saturation is determined from the drainage capillary 

pressure curve. On the other hand, residual oil saturation is defined by the imbibition 

capillary curve. Nick et al. (2002) showed that residual oil saturation is also governed 

by the change in effective permeability which is mainly influenced by capillary 

pressure. Based on published data from Middle East Fields, they concluded that 

residual oil saturation is inversely proportional to permeability. It means that if total 

permeability reduces because of increasing effective stress in compacting reservoir, 

residual oil saturation will increase. 

 

6.3 Relative permeability models 

The permeability of porous media is one important flow parameter associated 

with reservoir engineering. Permeability depends mainly on the geometry of the 

porous system. If there are more than two fluids, permeability depends not only on the 

geometry but also on saturation of each fluid phase, capillary pressure and other 

factors. There has been research based on both theoretical and empirical 

considerations to predict relative permeability curves. Some experimental 

relationships to describe relative permeability may be summarized as follows: 

 Original Brook – Corey relationship 

Corey and Brook (1966) observed under experimental conditions, 

 

 ( ) λ
λ+

=
32

ero Sk  (6-13) 
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Where: λ is a number which characterizes the pore-size distribution. Pb is a 

minimum capillary pressure at which the non wetting phase starts to displace the 

wetting phase. Pc is a capillary pressure. kro is oil relative permeability normalized to 

absolute plug air permeability and krw is water relative permeability normalized to 

absolute plug air permeability 

In real situations, relative permeability data are measured on cores cut with a 

variety of drilling mud, using extracted, restored state and preserved core samples. 

The relative permeability values were obtained from both centrifuge and waterflood 

experiments. So, each oil-water relative permeability data set was analyzed and Brook 

– Corey equations were used to fit the oil and water relative permeability 

measurements. However, the forms of the Brook-Corey equations used do not always 

result in a good curve fit of the laboratory results. In addition, due to the difficulty of 

determining all parameters, the most useful model in petroleum industry used is the 

modified Brook and Corey model as shown below 

 Modified Brook and Corey relationship 
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Where 

kro
’: End point relative permeability normalized to oil absolute plug air 

permeability 

krw
’: End point relative permeability normalized to water absolute plug air 

permeability 

Sor: Residual oil saturation 

Sw: Water saturation 

no: Corey exponent to oil 

nw: Corey exponent to water 

This model can be applied for oil-water and gas-oil systems. The advantage of 

using this relationship is that the MBC model is smooth and extending an existing 

relative permeability curve.  Normally, low Brook – Corey water exponents are 

associated with oil wet rock. The oil exponents decline from a value of about 5 at a 

permeability of 0.1 Darcy to approximately 3 at permeability above 1 Darcy. The 

exponents range between 1 and 4 with no clear trend based on permeability or 

reservoir lithology/zonation. 

 Semi-empirical model 

Based on Carmen-Kozeny’s equation, Behrenbruch (2006) presented a new 

semi-empirical model to predict a relative permeability curve as shown by following 

relationships 
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In the above equation, mw and mo are considered as the slope of the linear 

relationship in Carmen-Kozeny’s space. Clearly, effective porosity appears as a main 

parameter in relative permeability curves. Consequently, these equations are used in 

estimating the new permeability curve when porosity changes due to compaction. 

To investigate the range of nw and no, Behrenbruch and Goda (2006) rearranged 

the MBC relationship as following 
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With parametric study, they showed that no and nw varies in the range of 2.6 – 

3.5. These ranges have a maximum at 7 when porosity reduces to unity.  

This study attempts to revaluate the range of no and nw in MBC relationship. Our 

model using Monte Carlo Simulation (MCS) was run with all parameters required for 

the calculation used with normal distribution data as shown in Figure 6-2 and 

summarized in Table 1. Once the input data was determined, it replaced the input data 

in equations 6-20 and 6-21. Monte Carlo simulation was performed for 5,000 

iterations.  

The results show that with the normal distribution for input data (Figure 6-2), 

the mean of no is about 2.7 and maximum and minimum no are 3.37 and 2.14, 
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respectively. In addition, the standard deviation (Std) of no is 0.28. So, there is a 90% 

confidence interval where no falls between 2.40 – 2.98. On the other hand, the mean 

of nw is 2.61. The maximum and minimum nw are 3.32 and 2.09, respectively (Table 

6-3).  In addition, Std of nw is 0.21. As a result, there is a 90% confidence interval 

where nw compaction falls between 2.27 – 2.97. This distribution also indicates that 

due to the existence of uncertainty in input data, these interesting results would 

suggest, depending on available data, the ranges of Brooks and Corey exponents may 

practically be narrower than suggested by Behrenbruch and Goda (2006), and indeed 

Brooks and Corey, and other researchers. 

 

Table 6-1: Summary Information 

Workbook Name Statistic to determination of no and nw 

Number of Simulations 1 

Number of Iterations 5000 

Number of Inputs 4 

Number of Outputs 2 

Sampling Type Monte Carlo 

Simulation Start Time 19/07/2007 16:55 

Simulation Stop Time 19/07/2007 16:55 

Random Seed 1587511621 
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Figure 6-2: Distribution of input data for calculation of no and nw 

 

 

Table 6-2: Summary of input data for calculation of no and nw  

 

Name Minimum Mean Maximum

Phi (φ) 0.05 0.20 0.35 

Sw 0.00 0.50 1.00 

Sor 0.10 0.25 0.40 

Swi 0.10 0.35 0.60 
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Figure 6-3: Distribution of no and nw 

 

 

 

Table 6-3: Summary of no and nw 

Name Minimum Mean Maximum Std 

nw 2.09 2.61 3.32 0.21 

no  2.14 2.70 3.37 0.18 

 

 

A sensitivity analysis was conducted for both n0 and nw. Figure 6- 4 shows that 

the impact of all parameters on both no and nw. Simulation results are observed for nw, 

with Swi having the biggest impact followed by Sw, porosity and Sor. It can be seen 

that the impact of Sw uncertainty on no is larger compared to the impact of Sor, Swi and 

porosity.  
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Figure 6-4: Tornado graph to invest the impact of parameters on both no and nw 

 

6.4 Practical implementation 

This part gives the results from investigating the compaction problem and the 

associated problem of taking into account changes in relative permeability as applied 

to the Lagoven area of the Bachaquero field in Venezuela. The Bachaquero field 

straddles the shoreline of Lake Maracaibo where part of the field is onshore and part 

is offshore. The field has produced since the 1930’s and subsidence was recorded 

since 1955. The subsidence prompted the construction of coastal dykes for protection 

against water flooding of coastal areas. Equipment was installed at certain locations to 

monitor ground subsidence. In most of the available literature it was cited that 

compaction is the main drive mechanism in certain parts of this field. In addition, 

compaction not only changes total porosity and absolute permeability but in general 

may also affect the wetting properties of the rock. As a result, this phenomenon can 

dramatically impact reservoir performance, which is not easily modeled by 

conventional methods.  
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This case study will only investigate change in relative permeability curves 

when porosity alters. The study concentrates on a reservoir engineering analysis to 

evaluate the effect of the change in relative permeability curves on fluid production 

and interpretation the compaction behavior.  

6.4.1 Description of Lagoven 

The Lagoven area in the Bachaquero field located in the west coast of Lake 

Maracaibo has produced heavy oil (varying from 10° - 19° API) from a Post - Eocene 

reservoir since 1930 (Merle et al. 1976). Field location and a coarse mesh of the 

investigated area (1/20 of field area) are presented in Figure 6-5 and 6-6. Field data 

until 1980 showed that there were about 500 wells. The original pressure in the 

reservoir was about 2258 psi. The main production mechanisms that activates the 

Lagoven area is compaction drive that is especially significant in the unconsolidated 

sandstones of Bachaquero field. Compaction is a consequence of fluid pressure 

reduction in the reservoir during production. This causes all layers to “sink” into the 

reservoir, which is reflected as subsidence on the ground surface. Average subsidence 

until 80’s was approximately 6ft. However, compaction is an effective way to 

maintain the reservoir pressure and reduce water production, therefore, increasing 

total oil recovery.  
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Figure 6-5: Structure map of Bachaquero reservoir and reservoir area grid  

(Merle, Kentie et al. 1976) 
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6.4.2 Material properties of reservoir 

The properties governing geo-mechanical behavior describe a linearly elastic 

porous medium. Material properties of the reservoir described are listed in Table 6-4. 

 

Table 6-4: Material properties of reservoir in the simulation 

Material properties Symbol Values Field unit 

Initial porosity φ 031 - 

Poisson’ ratio ν 0.21 - 

Initial permeability k 178 mD 

Young’s modulus E 65000 psi 

Rock density ρs 128 p/ft3 

Solid compressibility Cs 25E-6 psi-1 

Biot’s constant α 0.95 - 

 

 

6.4.3 Fluid properties 

Physical properties of pore fluids can have a strong influence on the depletion 

pattern of a reservoir. Generally, the physical properties are a function of the 

composition of the fluid, the temperature, saturation and pressure. Therefore, the 

physical properties will vary throughout the reservoir as functions of the spatial 

location and time as the reservoir conditions change. 
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Some key properties of the pore-fluid for Lagoven area are given in Table 6-5 

and 6-6. The fluid properties used in the simulation are to be taken as mean value and 

are in no way to be taken as an exact representation of the Lagoven fluid properties. 

 

Table 6-5:  Summary of fluid properties 

Variables Symbol Initial value Unit 

Vertical pressure gradient in oil  0.397 Psi/ft 

Temperature at OWC T 129.6 0F 

Water compressibility (gas saturated) Cw 3.5*10-6 Psi-1 

Water compressibility in aquifer Cwa 3*10-6 psi-1 

Oil compressibility Co 115*10-6 psi-1 

Thickness of formation hs 637 ft 

Average of thickness of oil sand H 300 ft 

Oil viscosity µo 23.00 cp 

Initial pressure Pi 2258 Psi  

Initial stress S 3941.60 Psi 

 

Table 6-6:  Critical phase saturation and relative permeability data 

 

Variables Symbol Initial value Unit 

Connact water saturation Swc 0.16 -- 

Relative oil permeability at 1-Swc kro 1 -- 

Oil residual saturation Sro 0.2 -- 

Relative water saturation at Sro krw 0.3 -- 

Initial water saturation Sw 0.2 -- 

Initial oil saturation So 0.8 -- 
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The new method, based on an empirical relationship (Behrenbruch and Goda 

2006) are used to predict the relative permeability. Figure 6-6 shows the authentic 

relative permeability curves from experiment measurement before production 

commenced from the Lagoven area of the Bachaquero field. These curves are 

believed to be representative because of good agreement between results obtained 

from MBC and the new method.  
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Figure 6-6: Relative permeability curves used in Lagoven area before sand 

rearrangement  

 

6.4.4 Interpretation of historic data  

The primary history data for Lagoven area are presented in Figure 6-7. The first 

well in the area was drilled in 1944. However, large numbers of wells were developed 

Swir=0.160 

krw’=0.269 

kro
’=0.928 

φ = 0.31 

k = 178mD 
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after 1953 and reached a level of about 500 wells in 1980. The total oil production 

rate in Lagoven during the 1955-1980 period varied between 60,000 bbl/d to 160,000 

bbl/d. The early peak of almost 160,000 bbl/d was reached in 1957. After that, the 

number of wells fluctuated due to wells being worked over at the end of 1958 and a 

drilling campaign in the mid 1960’s. 
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Figure 6-7: Historic data from Lagoven field  

 

The total oil production in Lagoven area during this period amounted to 

1.08×109 bbl. The total subsidence volume during the same period was about 0.374 

×109 bbl which corresponds to 35% of the oil production. This indicated that 

compaction drive was one the main production mechanisms. However, there was no 
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relationship evidence between subsidence rate and production rate due to lacking of 

data. 

Fortunately, looking at the water cut and subsidence derivative curves, it can be 

seen that there are 3 main periods when sand particles rearrange in reservoir within 

subsidence data (Figure 6-8). The first period happened when the large numbers of 

wells were developed after 1953. In this period, although water cut rate reduces the 

rate of subsidence increase significantly due to pore structure collapse. The situation 

recurs every 10 years. As a result, due to compaction or pore collapse, reservoir 

properties would change every period such as porosity, permeability. 
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Figure 6-8: Water cut rate and subsidence rate in Lagoven area. 
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Eclipse Geomechanics (Eclipse 2005) was subsequently used to calculate fluid 

flow within the reservoir and to look at associated geomechanical processes, including 

a change of relative permeability curves. For the purposes of reservoir evaluation, it is 

necessary to identify the rock types to determine the precise rate of porosity and 

permeability decline with increasing stress for each rock type. Values of porosity and 

permeability will be predicted on a step-by-step basis for different values of the 

change in net effective reservoir stress. This allows for prediction of porosity and 

permeability at different stages of reservoir development.  

Knowledge of porosity at different values of in situ stress will allow for the 

determination of new relative permeability curve resulting from the change in wetting 

surface (equations 6-18 and 6-19). New relative permeability curves are then updated 

in the coupled reservoir simulator for calculation of both rate of fluid production and 

compaction prediction. Figure 6-9 shows the new relative permeability curves which 

are used when reservoir compacts after introducing the large of number of wells in 

1953. In this new relative permeability curves, Swir increased from 0.16 to 0.168 

according to reduction of porosity from 0.31 to 0.305. 
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Figure 6-9: Relative permeability curves used in Lagoven area after sand 

rearrangement  

 

6.4.5 Results and discussions  

Water production and water cut - modeling results 

Figure 6-10 shows the difference of water production rate between a 

conventional model and a model with changing relative permeability. The first model 

that did not take account variation of relative permeability has a higher water 

production rate. In contrast, the other model which was simulated with the change in 

relative permeability with higher Swir has, as expected, a lower degree of water 

production. After 13000 days, the calculated water rate from the second model is 

approximately 70% lower compared to the result from the first model.  

Swir=0.168 

Krw’=0.254 

Kro
’=0.871 

φ = 0.305 

K = 171mD 
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Figure 6-10: Water production rate due to the change in relative permeability. 

 

Figure 6- 11 presented below shows the influence of changes in relative curves 

on oil and water production in two models. It is obvious that oil production rate peaks 

when more wells were introduced into reservoir. In contrast, water production rate 

reduced because of pore collapse when oil production rate increases. It is also note 

that although the numbers of wells doubled after 10 years of production, water 

production in the model with new relative permeability curves is still lower than water 

production without the change in relative permeability curves. The results suggest that 

due to introducing the new relative permeability with higher Swir and depending on 

the level of porosity decline, water production may be reduced or stopped completely 

in a relatively short time, as described in the Figure 6-11.  
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Figure 6-11: Prediction of oil production rate and water production rate  

 

Compaction prediction  

Eclipse Geomechanics output of displacement consists of three variables 

(ROCKDISX, ROCKDISY and ROCKDISZ), describing rock-displacement in x-, y-, 

and z-directions respectively. The displacements are written to disk at pre-determined 

dates and times of the reservoir simulation. During the equilibration phase of the 

model and reduction of pore pressure, massive deformations of the model can occur. 

The displacement patterns change from a circular bowl to a quasi-elliptical bowl 

(Figure 6-12a). The introduction of more wells also causes significant pressure 
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depletion in the reservoir. As a result, the region of compaction mirrors that of well 

locations (Figure 6-12b). 

 

(a)      (b) 

Figure 6-12: Compaction contour 

The compaction profile was also computed. Figure 6-13 presents the comparison 

between compaction profiles measured in a vertical cross-section that bisects the well 

location at the end of simulation in both models. The maximum compaction increases 

from 9.86ft to 10.20ft when compaction takes into account the influence of pore 

collapse on the change in relative permeability curves. Both the maximum 

compaction values appear at the centre of bowl, also coinciding with the production 

well locations. 
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Figure 6-13: Compaction profiles 

 

6.5 Conclusions 

The research here suggests that when the reservoir formation is compacted, the 

compaction process can be briefly divided into 2 stages: rearrangement of sand grains 

and sand-crushing. Based on the Carmen-Kozeny’s equation, a new method has been 

introduced which is used to determine new values of irreducible water saturation 

(Swir) due to compaction, calculated at each stage as the reservoir is developed.  

The new endpoint value is then applicable for creating new relative permeability 

curves. Applying this methodology to a case study of a compaction reservoir in a 

Venezuelan field, it is shown that this method has more accurate applicability for 

coupled reservoir simulation particularly in investigation of reservoir performance 

and compaction prediction. Further it is shown that accounting for changes in 

irreducible water saturation, residual oil saturation, effective porosity, altered 

Conventional model 

Model taking account change 

of relative permeability curve 
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permeability and changes in relative permeability, all as a result of compaction, may 

be significant. In this way it is possible to better describe overall reservoir 

performance and petroleum recovery. In addition, the approach can be used to 

evaluate the extent of formation compaction and reservoir performance resulting from 

the variation of stress sensitive porosity/permeability. This research also shows that 

compaction can have an advantage particularly in reducing water production. The 

theory and practical methodologies developed in this chapter can be extended by 

applying to other case studies, where compaction and stress sensitivity dominate the 

drive mechanism.  

New distributions of no and nw are determined using Monte Carlo simulation. 

Values of no and nw are not only a function of Sw  but depend on Swir, φ as well as Sor. 

The new range of values of no and nw are established. Minimum and maximum of no 

are 2.14 and 3.37. Minimum and maximum of nw are 2.29 and 3.32. Consequently, 

the new range resulting from Monte Carlo simulation provides the decision maker 

with a better range of possible scenarios thus allowing for more accurate decision-

making.  
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CHAPTER 7: DISCUSSIONS 

 

 

7.1 Introduction 

As a comprehensive and broad study that includes many concepts from theory to 

experiments, from reservoir engineering to rock mechanics, this thesis used some 

simplifications to achieve the solution to reach the objectives. Advantages and 

limitations of research are also examined. 

7.2 Chapter 2: Model simplifications 

The study of motion of a material body using reference configuration is the 

Lagrangian approach. If the quantities of interest are studied at the current 

configuration only, the approach is Eulerian. We assume that deformation is 

infinitesimally small, as in linearised elasticity, the difference between the reference 

and current configurations vanish. Consequently, Lagrangian and Eulerian approaches 

become nearly identical. Viscoelastic materials exhibit both elastic properties of a 

solid and viscous properties of fluids (Sansour 2003). 

Particularly, in compaction and subsidence research, there are also three 

principles of coupled fluid flow – geomechanics model: mass conservation, 

momentum conservation, and an equation of state.  In general, reservoir deformation 

occurs very slowly compared to fluid flow. Hence, we can apply the fundamental 

assumptions with the small strain theory in governing partial differential equations for 

the generalized coupled system in which the solid velocity is much smaller than the 

fluid velocity. 
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The Galerkin finite element method is chosen to solve governing equations 

because of its ability to handle anisotropic and heterogeneous regions with complex 

boundaries (Young’s and Hyochong 1996). However, the impact of chosen grid 

within the production zone and its effect on compaction and subsidence has not been 

considered at this stage. 

To predict subsidence and compaction, analytical Geertsma’s equations are 

presented. To be applied successfully, Geertsma’s equations with some assumptions 

should be considered in the following situations: 

 The reservoir pressure drop is high and water influx drive is weak. 

 The compressibility of reservoir rock is high. As a result, compaction usually 

happens in weak and unconsolidated reservoir rock. 

 The reservoir has a considerable thickness which implies that a small rate of 

compaction over the reservoir interval can cause subsidence at seafloor. 

 The ratio between thickness and breadth of reservoir should be large enough to 

avoid shielding the overlaying rock on compaction 

7.3 Chapter 3: Restrictions when using analytical equations in stochastic 

– based simulation. 

Equation 3-7 and 3-8 in Chapter 3 identifies four parameters influencing 

reservoir compaction behavior: (1) Poisson’s ratio; (2) Young’s modulus; (3) 

reduction of pore fluid pressure; and (4) thickness of reservoir. Results of stochastic – 

based simulation showed that increases in both Poisson’s ratio and Young’s modulus 

reservoir can reduce compaction. However, these parameters were measured at 

ambient conditions, which can cause some skewness comparing to parameters 
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measured at in situ conditions. So, overburden conditions should take into account 

when measuring on Young’s modulus and Poisson’s ratio so as to obtain accurate 

modelled results. In addition, the reduction in pore fluid pressure is not only 

dependent on measurement methods but also varies with location, mobility, density, 

compressibility, reservoir boundary conditions and is the time-dependent. Therefore, 

reduction of pore fluid pressure could be estimated more accurately if a conventional 

simulation is performed to predict reservoir pressure. 

The stochastic – based simulation also showed that the reduction of pore fluid 

pressure has a smaller impact on compaction than Young’s modulus and Poisson’s 

ratio. In most cases, the drop in pore fluid pressure in a gas field from beginning of 

the production period to abandonment is small (Geertsma 1973). Therefore, the 

consideration of reduction of pore fluid pressure may be neglected in gas fields. 

However, in a case study involving oil and gas fields in the Gulf of Mexico, 

particularly for fields with solution gas drive (Geertsma 1973), the drop in pore fluid 

pressure should be considerable so that the effect is greater on compaction 

investigations, even if the field is a hard rock reservoir where Young’s modulus is 

larger than 140,000psi. 

It is noted that compaction and subsidence implementation in the stochastic 

based simulation involves computer generated distribution of input parameters. 

Different input distributions chosen could lead to significant difference in 

distributions of both compaction and subsidence results. To get the best results, it is 

necessary to collect more data. 
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7.4 Chapter 4: Finding agreements 

From an experiment point of view, the results from the case study in the Cooper-

Eromanga basins show that normalized permeability reduces to about 30% for the 

Namur, Hutton and Murta formations. On the other hand, the normalized permeability 

for the Poolowanna and Birkhead formations decreases by only 10%. The variation 

means that the grade of permeability reduction is strongly dependent on the type of 

formation.  This results agree with previous laboratory studies (Vairogs and Rhoades 

1973). The variation in the degree of change between differing lithologies is attributed 

to variation in composition and microstructure between individual samples from 

various formations. The trend of the data indicates a more or less linear decrease of 

permeability with increasing effective overburden stress. For fitting a relationship to 

the overburden pressure and permeability, the empirical and polynomial equation 

described in (Morton 1989; Jelmert, Torsceter et al. 2000) can be applied to estimate 

permeability for the Cooper Basin. 

7.5 Chapter 5: Advantages of stress models taking into account influence 

of a large structure. 

This chapter is concerned about geomechanical aspect as related to the stress in 

the crust under in situ reservoir conditions. Equations 5-16, 5-17 and 5-18 for a 

differential stress regime indicate that these stress models are more suitable than 

conventional model where changes in pore fluid pressure and total stress are 

independent. The derived equations agree with results conducted by Wu and Addis 

(1998) where Biot’s constant equals to 1. 

Stress variation due to a large structure described in Chapter 5 could provide a 

framework in investigation stress state conditions. Stress regime models associated 
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with a fault give rise to variation in the stress path during petroleum production. 

Based on models, we predict that effective stress around a large structure will 

significantly increase when compared to conventional model. As illustrated in Figure 

5-5, 5-6, 5-7 and 5-8, changes in pore fluid pressure are coupled not only with stress 

change but also with elastic rock properties. Thus, the diameters of Mohr’s circle will 

increase with depletion of pore fluid pressure and reach toward failure envelope 

(Hillis 2000). When Mohr’s circle contacts with failure envelope, pore structure may 

collapse. As a result, the potential compaction could happen sooner.  

7.6 Chapter 6: Limitations in investigation of the impact of pore collapse 

to fluid production 

The effective stress in the reservoir increases as hydrocarbons are produced and 

pore fluid pressure declines. Under such conditions, certain porous rocks experience a 

sudden increase in compressibility. This increase coupled with the accompanied 

irreversible deformation, is often termed as ‘pore collapse’. Pore collapse often leads 

to abrupt compaction of the reservoir rock and thus potentially subsidence of the 

ground surface. As a result of compaction, surface grain area, pore size and geometry 

will change. The above change is presented in this chapter where new values of 

irreducible water saturation are calculated for compaction reservoir. However, change 

in oil residual saturation has been kept constant to simplify the model. In addition, 

Chapter 6 limits the modeling to a two-phase fluid flow system. Therefore, the effect 

of the gas phase is not considered. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS  

 

 

8.1 Introduction 

Chapter 8 covers all the main results in previous chapters including research 

objectives of Chapter 1 and conclusions from Chapters 2 – 6. The research here 

presented theoretical and experimental aspects for compacting reservoirs in oil fields. 

Finally, recommendations are suggested in the area of compacting reservoirs. 

8.2 Objectives of Chapter 2: The coupled fluid flow – geomechanics 

model. 

The continuum mechanics theory as applied to a coupled fluid flow – 

geomechanics simulation has been presented in Chapter 2. This chapter shows the 

importance of the fully coupled fluid flow – geomechanics model applied in 

compaction and subsidence calculation. Furthermore, governing equations for a radial 

model as applied to compaction and subsidence are derived. The finite element 

method is also used for solving the governing equation of fully coupled fluid flow – 

geomechanics model. Simplified solutions are also presented that can be employed for 

quickly estimating compaction and subsidence. These equations will be used in 

uncertainty evaluation and stochastic simulations in the following chapter. 
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8.3 Objectives of Chapter 3: Uncertainty in compaction and subsidence 

estimations. 

Chapter 3 has discussed the impact of uncertainty on the calculation of 

subsidence and compaction. A stochastic model, incorporated within the Monte Carlo 

simulation program, has been used to investigate the impact of uncertainties in a 

compacting reservoir. Young’s modulus, Poisson’s ratio and reduction of pore fluid 

pressure are considered as uncertain and, therefore input as a distribution. Simulation 

of compaction and subsidence using stochastic-based distribution input parameters 

highlighted the following key issues that are not generally mentioned in numerical 

simulation methods. 

 Young’s modulus has a larger impact on compaction than Poisson’s ratio. Values 

of Young’s modulus in the case example greater than 140,000psi have an 

insignificant effect on compaction and subsidence. This value could be used as a 

quantitative index to predict compaction in reservoirs. 

 The order of importance of Poisson’s ratio on subsidence is greater than the effect 

of Young’s modulus. One can thus use Poisson’s ratio when estimating 

subsidence in cases where Young’s modulus data is unavailable. Additionally, the 

reduction of pore fluid pressure has less impact on subsidence and compaction 

although it is the main reason for increasing effective stress when using the 

Geertsma’ analytical equations in Monte Carlo simulation. 

 Numerical simulation using deterministic parameters is still valid for the purpose 

of comparison with a stochastic-based simulation. The sensitive analysis shows 

that compaction estimated from numerical simulation is in the range of 50% 
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confident interval of results from the stochastic based simulation. Therefore, a 

stochastic model produces a more comprehensive range of solutions in the 

evaluation of compaction in petroleum field production project which would 

otherwise require numerical simulation. 

8.4 Objectives of Chapter 4: Investigate stress sensitive permeability and 

porosity. 

Chapter 4 discussed the goals of research related to the change in porosity and 

permeability when effective stress increases due to fluid production. The chapter 

presented both theoretical and experimental work in which stress-dependent 

permeability and porosity relationships are applied in a coupled reservoir simulation. 

Modified Carmen-Kozeny’s equation is then used to generate the relationship 

between porosity and permeability.  

The governing equations have taken into account the relationship between 

porosity and permeability based on the experimental relations given by the modified 

Carmen-Kozeny’s equation. Numerical simulation using the Galerkin finite element 

method replicates the subsidence of a simplified reservoir in radial coordinate system. 

The case study here clearly modeled the influence of changing permeability on 

subsidence results in a stress sensitive reservoir.  

Experimental results in the Eromanga–Cooper basins show that permeability 

decreased by 5 to 10% of the initial permeability for every 1000 psi decrease in 

reservoir fluid pressure. Most experimental results are in agreement with previous 

research of compaction/permeability experiments (David and Crawford 1998) but 

disagree with results of Rhett and Teufel (1992), who showed that permeability can be 

increased during unaxial compaction of sandstone reservoir. The observation of 
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increased permeability is only matched when two core sample of the Berea Sandstone 

are at failure point where fissures are generated. 

The most important result of Chapter 4 shows principles for calculating the 

reduction of permeability in a pressure depletion scenario. Thus, the methodology can 

be applicable for determining changes in permeability in both the field and laboratory 

for a stress sensitive reservoir. 

8.5 Objectives of chapter 5: The influence of a large structure on stress 

regime and its impact on compaction and subsidence predictions. 

Chapter 5 has illustrated the impact of a large structure on stress regime. 

Mathematical models were derived for each fault model so as estimate stress 

perturbation. All models are based on Mohr–Coulomb’s criteria in faulted area.  

Analysis of different fault stress regimes show that effective stress regimes vary 

significantly when compared to a conventional model. Subsequently, the selections of 

fault models, fault friction, friction internal angle and Poisson’s ratio are very 

important to assess the influence of a discontinuity on reservoir compaction and 

subsidence because it can cause a significant change in stress regime.  

Chapter 5 also emphasizes the reservoir engineering applications. Important 

results described in this chapter illustrate a step forward in understanding for 

assessing increasing effective stress that is the main factor controlling on permeability 

in an area surrounding a large structure. The relationship between permeability and 

the change in effective stress that is perturbed by large structure is also used to 

investigate compaction and subsidence. 
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8.6 Objectives of chapter 6: The change in relative permeability curves 

with compacting reservoir  

 The research here suggests that when the reservoir formation is compacted, the 

compaction process can be briefly divided into 2 stages: rearrangement and sand-

crushing. Based on the Carmen-Kozeny’s equation, the new method using generally 

analytical equations to calculate the new values of irreducible water saturation (Swir) 

due to compaction is developed.  

The new endpoint value is then applicable for creating new relative permeability 

curves. Applying these curves for the case study of a compacting reservoir in a 

Venezuelan field, it is shown that this method is more accurate for coupled reservoir 

simulation particularly in investigation of reservoir performance and compaction 

prediction. Subsequently, in the context of a compacting reservoir, accounting for 

irreducible water saturation, residual oil saturation, variation of effective porosity, 

alteration of permeability and the change in relative permeability is important. 

Furthermore, the approach can be used to evaluate the extent of formation compaction 

and reservoir performance resulting from the variation of stress sensitive 

porosity/permeability. This research also shows that compaction can have an 

advantage particularly in reducing produced water. The theory and practical 

methodologies developed in this chapter can be extended by applying to other case 

studies, where compaction and stress sensitivity dominate the drive mechanism. 

Chapter 6 results represent the most important outcomes of this thesis. 

New distributions of no and nw are determined using Monte Carlo simulation. 

Values of no and nw are not only a function of Sw  but depend on Swir, φ as well as Sor. 

The new range of values of no and nw are established. Minimum and maximum of no 
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are 2.14 and 3.37. Minimum and maximum of nw are 2.29 and 3.32. Consequently, 

the new range resulting from Monte Carlo simulation provides the decision maker 

with a better range of possible scenarios thus allowing for more accurate decision-

making.  
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8.7 Recommendations for future work 

This research recommends the following further research: 

 This thesis deals mainly with elastic rock properties so that further work to take 

into account extension to plastic and other nonlinear aspects would be a natural 

progression.  

 The research here focuses on subsidence and compaction problems studies. The 

theory developed in this research is suggested to investigate other problems such 

as wellbore stability and sand production. 

 The research covers all aspects of a compacting reservoir. However, the model is 

still simple and applications are simplified. For example, chapter 6 discusses two-

phase fluid flow. It is recommended that future research should be extended to a 

compositional model. 
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provide a unique advantage in simulation interaction between porous media and fluid flow. In addition, 
the c oupled well model c an be  used t o m odel c ompaction and subsidence problems i n t he area near 
wellbore. Applying the advantage of t he finite element method, the governing equations will be solved. 
Initial results show the influences of geomechanical parameters which have been investigated in detail.  
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ABSTRACT  

  
In the last two decades, there has been strong emphasis on numerical formulations related to the interaction 
between rock deformation and multiphase fluid flow behaviour in hydrocarbon reservoirs. This coupled 
interaction between geo-mechanics and fluid production can significantly influence both the stress state and fluid 
flow in the reservoir. Many researchers have tried to build a fully coupled model for analysis of the problem. 
However until now there has been a gap in resolving the full integration of the permeability variable on a 
coupled model; generally because of the lack of a relationship between permeability and reservoir stress. This 
study will present a fully coupled model and show how important stress-sensitive permeability is on a radial 
reservoir, particularly in terms of the final subsidence and consolidation results.  
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ABSTRACT: I n t he l ast t wo d ecades, t here h as b een s trong e mphasis o n n umerical formulations r elated t o t he i nteraction 
between r ock de formation a nd multiphase f luid f low behavior i n hydrocarbon r eservoirs. The c oupled i nteraction be tween 
geo-mechanics a nd fluid p roduction c an s ignificantly i nfluence b oth the stress state a nd f luid f low in t he r eservoir. M any 
researchers have attempted to develop fully coupled numerical models for this problem. However, the influence of permeability 
on t he co upled models is still p oorly d efined d ue t o t he l ack o f a r elationship b etween p ermeability a nd r eservoir s tress and 
porosity. The emphasis o f this work i s in describing the mathematical equations for a  fully coupled radial model in which the 
influence of changing of porosity on the permeability parameter is taken into account. As a consequence, this coupled method can 
be used more rigorously to model compaction and subsidence problems.   
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A c lear understanding of rock s tress and i ts effect on permeability i s important in a coupled s imulation where fluid 
production causes a significant increase in the effective stress within a reservoir. Changing the in-situ rock stress state 
can alter the reservoir properties. As a result, porosity and permeability could be affected due to the rearrangement of 
rock particles and the redistribution of sensitive pore structures.  

It is  known t hat permeability is  m ore s ensitive to  s tress c hanges t han porosity. P ermeability r eduction can r ange 
between 1 0% a nd 30% a s r eported in previous publications, t his is w ithin t he e lastic r ange o f t he m aterial u nder 
investigation. Once the material reaches its yield strength a dramatic increase in permeability can then occur or further 
reduction depending on the mode of failure of the rock type in question. This study reports on permeability reduction 
under increasing stress (within the elastic range) for a  number of rock types, the samples tested are from the Cooper 
Basin of South Australia; the standard Berea Sandstone is included for validation purposes. The results are used within 
a n ewly d eveloped f inite e lement c oupled c ode in  o rder to  e stimate p ermeability s ensitivity to  s tress c hanges f or 
predicting compaction and subsidence effects for a cylindrical wellbore model.   

Furthermore, u nderstanding r ock m ass s tress a way f rom t he b orehole i s a  m ajor ob stacle i n the e xploration a nd 
development o f h ydrocarbons. I t i s s tandard p ractice i n the p etroleum industry t o use d rilling data t o d etermine the 
orientation an d es timate the m agnitudes o f p rincipal s tresses a t depth. H owever, f ield o bservations indicate t hat t he 
orientation of the principal stresses is often locally perturbed by and around discontinuities, such as faults or formation 
boundaries (Kattenhorn et al., 2000; Maerten et al., 2002). Numerical stress methods have been successfully employed 
to model the effect of displacing faults on the surrounding rock mass. 3D distinct element code has been used to show 
how d isplacing f aults g enerate s tress v ariation in 3 D a bout a  f ault plane ( Camac e t a l., 2004), v erified w ith f ield 
observations. I n th is w ork c onsideration is m ade o f this v ariability a nd i ts e ffect o n w ellbore s ubsidence a nd 
compaction models. A series of models were run which incorporate the stress variability expected around an example 
fault under normal stress field conditions. The models show that the initial stress state conditions associated with a fault 
give rise to a variation in the stress path during reservoir production and resultant permeability changes are measured. 
The extent of the influence of lateral changes a round large-scale structural features is thereby assessed and the work 
demonstrates the importance of incorporating this initial stress variability for production purposes.  

Keywords: stress sensitive permeability, fault, subsidence.  
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THE IMPACT OF UNCERTAINTY ON SUBSIDENCE AND 
COMPACTION PREDICTION  

Ta1
, Q. D.; Al-Harthy

2
, M.; Hunt

1
, S. and Sayers

1,3
, J. 

 
1
 The University of Adelaide, SA, Australia  

2
Sultan Qaboos University, Oman  

3
Geoscience Australia, ACT, Australia  

 
ABSTRACT: This paper presents the stochastic approach using Monte Carlo simulation as applied to compaction and 
subsidence estimation in an  offshore oil and gas deep-water f ield in t he Gulf of Mexico. The r esults r eveal bot h t he 
impact of using probability distributions to estimate compaction and subsidence for a disk shaped-homogenous reservoir 
as well as taking into account Young’s modulus, Poisson’s ratio and the reduction of pore fluid pressure.   

The uncertainty reservoir model is also compared with numerical simulation using commercial software – Eclipse 300. 
The stochastic-based simulation results confirm that the deterministic results obtained from the coupled geomechanical – 
fluid flow model are in the range of acceptable distribution for stochastic simulation. The sensitive analysis shown that 
Young’s modulus has more impact on compaction than Poisson’s ratio. The results also presented that values of Young’s 
modulus i n t his d eep-water f ield i n G ulf o f Mex ico l ying be yond 140, 000psi a re i nsignificant t o c ompaction a nd 
subsidence. B ased o n o utput r esults o f co mpaction a nd s ubsidence with t he stochastic model, p otential r eservoirs 
presenting subsidence and compaction are described as an uncertainty range within distribution of Young’s modulus, 
Poisson’s ratio and the reduction of pore fluid pressure in large-scale regional model.  
Keywords: Risk Analysis, Subsidence, Compaction, Monte Carlo simulation and Uncertainty  
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