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Abstract 
 
 

To safely store carbon dioxide in enhanced oil recovery/ CO2 sequestration projects 

it is important to ensure the integrity of the caprock during and after production and 

injection. A change in fluid pressure and temperature within a porous reservoir will 

generally induce stress changes within the reservoir and the rocks that surround it. 

Amongst the potential hazards resulting from these induced stress changes is the 

reactivation of existing faults or fractures and inducing new fractures, which may breach 

the hydraulic integrity of the caprock that bounds the reservoir.  

The theories of inclusions and inhomogeneities have been used in this research to 

derive semi-analytical and closed-form solutions for induced stress change during pore 

pressure change within a reservoir and in the surrounding rock, under plane strain and 

axisymmetric conditions. Methods have been developed to assess fault reactivation and 

induced fracturing during injection or production within a reservoir. The failure stress 

change concept for a Coulomb failure criterion has been used to study the likelihood of 

fault reactivation and induced fracturing within the reservoir. Formulations have been 

adopted to calculate the critical pressure change for fault reactivation and induced 

fracturing within the reservoir and in the surrounding rock during injection and 

production. Sensitivity analysis has been performed to study the effects of different 

parameters such as initial in-situ stress, reservoir geometry, reservoir depth, reservoir 

“tilt” or dip , material property contrast between the reservoir and surrounding rock, 

fault geometry, fault strength, and intact rock strength. General patterns of induced 

stress change, in-situ stress evolution, fault reactivation, and induced fracturing have 

been identified.  
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The developed methodologies have been applied to six different case studies: fault 

reactivation analysis in the entire field for a synthetic case study; induced fracturing 

analysis in the entire field in a synthetic case study; fault reactivation and induced stress 

change analysis within the Ekofisk oil reservoir in North Sea; fault reactivation analysis 

in the Lacq gas reservoir in France; the Weyburn-Midale EOR/CO2 Storage  project in 

southeast Saskatchewan; and acid gas injection in Zama oil field, Alberta. The results of 

these case studies show good consistency with field observation, and physical and 

numerical models.  

The generality, simplicity, and straightforwardness of the developed methodologies, 

along with their flexibility to model different plausible scenarios and their ease of 

implementation for systematic sensitivity analyses makes them suitable for decision-

making and uncertainty management, specifically in early stages of reservoir 

development or site assessment for geological sequestration of carbon dioxide.   
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Chapter 1 

Introduction 

 

1.1. Background 

 Geological storage of harmful wastes under ground is not a new issue. By 1968 

in excess of 110 deep industrial-waste injection wells in the United States were being 

used to inject a large variety of waste in many different conditions (Warner, 1968). In 

the 1990's, the idea of geological storage of carbon dioxide (CO2) began to be 

investigated (e.g., Koide et al., 1992).  Nowadays, storage of greenhouse gases such as 

carbon dioxide under ground is one of the hottest topics in environmental debates on 

global climate change, attracting attention because of its high storage capacity and the 

reasonable execution cost. The Weyburn-Midale CO2 Monitoring and Storage Project in 

Southeast Saskatchewan, the Sleipner CO2 storage project in the North Sea, and the In 

Salah CO2 Storage project in Algeria are some current examples of full-scale CO2 

storage projects. However, current concerns exist due to potential risks such as seismic 

reactivation of the field area as well as environmental and health concerns on leaking 

CO2 from the storage unit to atmosphere or groundwater.  These concerns, along with 

economic and technical risks, make a decisive need to develop efficient risk 

management methods to carry out an evaluation of the prospective risks and to employ 

practical methods to minimize those risks. 

1.2. Risks of geological storage of carbon dioxide 

During and after injection, the potential risks of underground CO2 storage 

include escape of CO2 from the reservoir (leakage), seismicity, ground movement and 
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displacement of brine. Many cases have been documented in which earthquakes, 

sometimes as large as 5.5 on the Richter scale, have been induced by production or 

injection of gas or water (e.g., Wesson and Nicholson, 1987; Grasso, 1992; Guha, 2000; 

Adushkin et al., 2000; Sminchak and Gupta., 2003; Ottemöller et al., 2005). Although 

there have been some efforts to explain the process leading to the seismicity in 

hydrocarbon production fields (e.g., Roest and Kuilman, 1994; Segall et al., 1994), still 

there is no clear and straightforward assessment tool to describe induced seismicity 

during both production and injection. The mechanisms of ground surface movement 

during production have been under study for many years (e.g., Geertsma, 1973; Feignier 

and Grasso, 1990; Chin and Nagel 2004), but still prediction is difficult (Hettema et al., 

2002). In addition, there are many evidences of well failure caused by horizontal ground 

movement and faults sliding during production (Bruno, 1992; Hilbert et al., 1996). Brine 

displacement, when injecting CO2 in an aquifer, depends too much on local/regional 

conditions to draw general conclusions on the risk caused by it (Damen et al., 2003).  

The main goal of geological storage is trapping CO2 underground for an 

unlimited period of time. Therefore, evaluation of leakage potential of CO2 from the 

reservoir is one of the major requirenments for site selection and evaluation. Depending 

on the time period, the CO2 trapping mechanism could be different. Long-term trapping 

is based on the solubility and ionic reaction, geochemical and/or irreducible saturation 

(Jimenez, 2006). However, in the short-term or injection phase, the integrity of the 

caprock must be considered as the main trapping mechanism. Therefore, for geological 

storage of CO2, the integrity assessment of the caprock is very critical. Leakage of CO2 

from the reservoir can also take place through or along wells and by failure in the 

caprock (Figure 1.1). A caprock failure includes a variety of mechanisms resulting into 

CO2 migration through high permeability zones in the caprock or through faults and 

fractures, which extend into the caprock.  



3 
 

 

Figure 1.1. Different possible hazards induced by CO2 injection within a reservoir 

Leakage through faults and fractures is generally considered to be the most important 

natural leakage pathway (Khilyuk et al., 2000). These risks are called geomechanical 

risks due to the fact that they are related to the geomechnaical response of the reservoir 

and caprock to pressure and temperature change within the reservoir.  

1.3. Geomechanical risks of CO2 geological storage 

As mentioned above, geomechanical mechanisms are among the main concerns 

about short-term integrity of the caprock. Changing the pore fluid pressure and 

temperature in a reservoir will result in the generation of mechanical stresses in the 

vicinity of the reservoir. The potential exists for these stresses to induce failure in the 

reservoir’s bounding seal. These failure events may result in relatively permeable flow 

paths that enable leakage of the reservoir fluids into the surrounding geological 

formations, and potentially to ground surface or into shallow aquifers. As such, when 

evaluating the suitability of a reservoir for CO2 storage, it is important to recognize the 

types of failure mechanisms that may occur, and their likelihood.  
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Jimenez and Chalaturnyk (2002) have categorized typical geomechanical risks 

that may lead to leakage by influencing the hydraulic integrity of caprock during and 

after injection of CO2 gases in three different groups: storage-induced, storage-activated 

and tectonic activity (Figure 1.2). In their work, storage-induced mechanisms include 

capillary leakage, hydraulic fracturing and shear fracturing. Storage-activated 

mechanisms include fault reactivation and reactivation of pre-existing fractures. 

Tectonically active regions are considered separately, and may be avoided by locating 

the project site in non-seismic regions. Wellbores are other features which may leak 

after geomechanical instabilities as well as other mechanisms. The current research 

includes analyzing induced shear and tensile fracturing, fault reactivation and pre-

existing features reactivation. All of these hazards may lead to leakage and/or seismic 

events.  Particular emphasis in previous and ongoing work has been placed on 

quantifying the factors that control leakage risks through wellbores (e.g., Celia et al., 

2004; Carey et al., 2007; Barlet-Gouédard et al., 2008) and it has been out of scope of 

this research. 

1.4. Geomechancial modeling 

Any model consists of three main parts: data, system and results. Regardless of 

the confidence in the analyzing system, preparing data for analysis is an important part  

Gemechanical Mechanisms that affect the 
hydraulic integrity of caprock

Storage-
Induced Tectonic Activity

Storage-
Reactivated

Shear 
Fracturing

Tensile 
Fracturing

Fault 
Reactivation

Pre-existing Features 
Reactivation

Well Damage

Capillary 
Leakage  

Figure 1.2. Different categories of geomechanical risks, revised after Jimenez and 
Chalaturnyk (2002) 
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of a model system. Generally, for a geomechanical model of a CO2 storage project there 

are different groups of required data including: geometry of reservoir and geological 

features, geomechanical and geothermal properties, fluid properties and fluid flow- 

related properties, field production/injection history and future plans, wellbore 

characteristics, seismological and leakage history of the project1

Regardless of the underlying physical principles and solution methods of selected 

models, they may be applied to reservoir geomechanics in two different ways: to 

provide general solutions, or site-specific solutions. General solutions are developed to 

give a better understanding of reservoir behaviour with very general characteristics. 

. In an ideal case, all of 

these data may be used in a perfect analyzing system to find the probability of 

geomechanical risks. Although completeness of the analysis system may require more 

data, sometimes shortage of proper data may lead to using a less complicated model. In 

general, the process of data collection for a model depends on the description of 

intention, availability of data and requirements of the analytical system.  

The existing models for geomechanical analysis of reservoirs might be categorized 

in three different groups: simple analytical models, semi-analytical models and 

numerical models. Simple analytical models have been developed by using basic 

concepts of uniaxial poro-elasticity (e.g., Hawkes et al., 2005), reservoir normal 

compaction (e.g., Goulty, 2003), or frictional equilibrium mechanisms (e.g., Holt et al., 

2004). Semi-analytical models implement analytical solutions accompanied by 

numerical integration procedures to find the stress change distribution throughout a 

field. These models are usually developed using the assumption of a poroelastic material 

behaviour for the reservoir and the surrounding rocks (e.g., Segall, 1985). In addition, 

usually they are constrained by simplified geometrical and fluid flow assumptions. To 

consider more complicated characteristics of problems, such as more realistic geometry 

and material properties, the use of numerical models is essential. One of the most 

important advantages of some numerical models is their ability to model discontinuities, 

such as faults and weak shear zones that exist in the field.  

                                                           
1 It is worthy to note that in the case of CO2 storage in depleted oil and gas reservoirs, the history of  
production may have  an important influence on geomechanical behaviour of the field during injection. 
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They are usually used to conduct sensitivity analysis to find the importance of different 

properties and parameters on the response of the reservoir and its bounding seal. 

Alternatively, site-specific solutions are developed to investigate a particular 

phenomenon (e.g., surface subsidence, fault reactivation, or induced fracturing) within a 

particular field. However, previous efforts to characterize geomechanics-related leakage 

risks through caprocks have either been too general to provide a well-defined 

methodology for establishing a framework for caprock integrity analysis (e.g., Streit and 

Hillis, 2002; Hawkes et al., 2005), or too site-specific to be of value for application in a 

broader range of storage design processes (e.g., Orlic, 2005).  

1.5. Objectives 

A key to the success of long-term CO2 storage in a reservoir is the hydraulic 

integrity of the geological formations that bound it. The initial integrity of this 

“bounding seal” is governed by geological factors. The overall objective of this research 

project was to develop a better understanding of the potential for leakage caused by 

geomechanical processes during CO2 storage. The specific objectives were: 

• To develop computational tools (spreadsheets and/or computer programs) for 

investigating fault reactivation and induced shear and tensile2

• To validate the developed tools against published case histories and numerical 

models. 

 fracturing which can 

be used for a quantitative process for identifying potential leakage pathways for 

candidate storage reservoirs 

The results will be useful both for initial site assessment (i.e., to assess the potential that 

leakage pathways created during hydrocarbon production) and for the preliminary 

design of planned storage operations. 

 

                                                           
2 There are two aspects of induced tensile fracturing. One that pertains to near-well stress concentrations 
and the conditions required to generate a relatively localized tensile (hydraulic) fracture at the wellbore 
wall. The second that pertains to the stress state throughout the remainder of the reservoir, and the 
conditions required to generate a large-scale tensile fracture. This project will focus on the latter. 
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1.6. Research Project Scope 

The focus of this research project has been on depleted hydrocarbon reservoirs 

used for CO2 storage, even though many of the models developed are also useful for 

other CO2 geological storage methods such as saline aquifers and coal seams.  This 

research project has not addressed the assessment of initial fault seal properties, which 

have been assumed to be good for reservoirs that have proven to contain significant 

hydrocarbon volumes, but rather on the geomechanical factors that may have introduced 

(or enhanced) leakage pathways at some point during the reservoir’s producing life, or 

may do so during planned injection and storage operations.  The research project 

includes analysis of tensile and shear fracture inititation, fault reactivation and other pre-

existing features reactivation.  

In this research project, the major work has been on developing generalized and 

easily applicable models that can be applied to a large variety of CO2 geological storage 

projects and in cases where data availability is limited. The research project has focused 

on parameter sensitivity analyses and the development of general-purpose design charts, 

rather than site-specific analyses. 

The models developed have been adopted only for geomechanical analysis and 

not for the process of fluid/gas migration through faults and fractures. In this research 

project, the major tool for stress-strain analysis has been two dimensional elastic 

modeling. The applied criteria for rock failure and fault reactivation have been the 

Coulomb and Drucker-Prager failure criteria.  Model development was implemented in 

general form; this assisted in applying the model to different cases and projects with no 

need to acquire data from costly and time-consuming field tests and experiments. The 

following conservative assumption have been made: any failure in the rock will result in 

significant permeability increase (Hickman et al., 1997; Wiprut and Zoback, 2000, 

Zoback, 2007). As such, the hydraulic behavior of the interface of faults and fractures 

has not been addressed. As mentioned above, in the case of CO2 storage in depleted oil 

and gas reservoirs, the history of production may have an important influence on the 

geomechanical behaviour of the field during injection. In addition, the performance of 
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the reservoir during production might be a very helpful guideline to predict its behaviour 

during injection. In light of these facts, particular attention has been paid to hydrocarbon 

production case studies and exploitation operational histories in this research project. 

The geomechanical effects of temperature change due to injection of fluids have been 

studied in this research although for idealized boundary conditions.  The interaction of 

fluid flow/temperature change with rock deformation is out of scope of this research. As 

a byproduct of this research, some procedures have been developed to assess the risk of 

injection/production-induced earthquakes. .  

1.7. Methodology 

1) Conduct a literature review to compile a list of different mechanisms leading 

to: 

a. Stress change due to the pore pressure/temperature change within 

reservoirs.  

b. Fault reactivation due to stress change. 

c. Rock fracturing due to stress change, including shear and tensile 

fracturing.  

2) Review similar site-specific analyses for the Weyburn project in 

Saskatchewan and hydrocarbon production projects such as the Lacq gas 

field in France, the Ekofisk oil field in the North Sea. 

3) Derive analytical solutions, based on the theories of nuclei of strain, 

inclusions, and inhomogeneities, for geomechanical stress/strain analysis of 

reservoirs and surrounding rocks.  

4) Integrate the aforementioned stress/strain analysis models with failure 

assessment approaches, such as Coulomb Failure Stress Change ( CFS∆ ), to 

develop tools to identify the possibility of fracturing or reactivation during  

fluid injection/production. Such analysis may help to understand  general 

patterns of anticipated fracturing or reactivation.  

5) Evaluate the developed tools and procedures using field data and modeling 

results acquired from existing case studies in the literature  
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6) Run a comprehensive series of simulations, to quantify the effects of the 

following types of parameters on caprock integrity risks: reservoir thickness, 

reservoir shape, contrast between reservoir and caprock mechanical 

properties, reservoir depth,  and reservoir tilt (dip).  

7) Apply the adopted methodology to selected case studies. 

1.8. Novel work presented in this thesis  

Although the application of Eshelby’s inclusion theory and the theory of 

inhomogeneities to the study of poroelastic reservoirs has been undertaken by 

previous investigators, and various stress analysis models have previously been 

applied to the study of fault reactivation and induced fracturing in and around porous 

reservoirs, a number of gaps were found in both of these areas. The novel work 

presented in this thesis was undertaken to fill these gaps. Following is a summary of 

the novel aspects of this thesis:  

• Applying the theory of inclusions to derive equations for induced stress 

changes: (a) within reservoirs of the following shape embedded in a full-

space - prolate spheroid, sphere, and elliptic cylinder; and (b) within and 

around horizontal or tilted reservoirs with rectangular or elliptical cross-

sections under plane strain conditions, when embedded in a half-space;  

• Applying the theory of inhomogeneities to derive equations for induced 

stress changes: (a) within reservoirs with oblate spheroid, prolate spheroid, 

penny-shaped, elliptical cylinder and circular cylinder shapes for a full-

space; and (b) within and around a reservoir with elliptical cross-section in a 

plane strain solution for a half-space;  

• Implementing the concept of Coulomb Failure Stress for studying the 

likelihood of fault reactivation and for identifying critical fault dip angles for 

fault reactivation;  

• Using the above-noted equations and concepts to derive equations for critical 

reservoir pressure change for fault reactivation for plane strain and three-

dimensional scenarios;  
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• Using the above-noted equations and concepts to derive equations for the 

likelihood of induced fracturing;  

• Using the above-noted equations and concepts to derive equations for the 

critical pressure change for induced fracturing for plane strain and three 

dimensional scenarios;  

• Using the above-noted analytical approaches to systematically study patterns 

of induced stress change, stress evolution, fault reactivation and induced 

fracturing;  

• Applying all of the above to the study of six specific case studies.  

 

1.9. Structure of the thesis 

 

This thesis includes seven chapters. The current chapter describes the 

background, description of intention, objectives, scope, and methodology of this 

research project. A literature review on the measurement, mechanisms, and modeling of 

induced stress change plus methodologies for fault reactivation and fracturing induced 

by reservoir pressure change is given in Chapter 2. Chapter 3 focuses on developing 

new closed-form and semi-analytical solutions for the problem of induced stress change 

using the theories of inclusions and inhomogeneities. Chapters 4 and 5 propose 

methodologies for fault reactivation and analysis of induce fracturing by reservoir 

pressure change, respectively. In Chapter 6 the methodologies developed in this 

research project are applied to six different case studies including: two synthetic case 

studies. Chapter 7 summarizes the thesis and its conclusions. 
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Chapter 2 

Literature review on production- and injection-induced stress 

change within and surrounding porous reservoirs 

 

2.1. Introduction  

Any model used to analyze the potential geomechanical risks for CO2 storage 

must include two main modules: One for analysing stress change induced by CO2 

injection and another for analyzing the behavior of geological features (e.g., intact rock, 

existing fractures, and faults) in response to the induced stress change. However, 

sometimes it is difficult to distinguish between these two modules because of their 

highly integrated nature. In this chapter, a literature review on different proposed 

mechanisms, and models developed for the prediction of induced stress change, is given. 

In addition, the application of such models to fault reactivation is reviewed.  

2.2. Induced stress change measurement  

Due to the difficulty of directly measuring vertical and maximum horizontal 

stresses in sedimentary basins, studies on stress change have mostly concentrated on 

measuring and predicting minimum horizontal stress change (∆σHmin) - the magnitude of 

which can be more readily measured. The sensitivity of σHmin to pore pressure change 

has long been recognized in the petroleum industry, most notably by those working on 
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hydraulic fracturing (Santarelli et al., 1996). As such, there are several published case 

histories showing the relationship between pore pressure change and the change in 

minimum horizontal stress (see Table 2.1). 

To relate the minimum horizontal stress change to pore pressure change (∆ P), a 

linear trend has been interpreted by many different investigators (e.g., Teufel and Rhett, 

1991; Zoback and Zinke, 2002; Goulty, 2003; Hawkes et al., 2005;). Such a relationship 

can be written as: 

PKH ∆=∆ minσ  (2.1) 

A number of published values of K interpreted for different fields are presented 

in Table 2.1. These results indicate that K ranges from 0.24 to 0.84. Table 2.1 shows a 

clear distinction between chalk and sandstone reservoirs. Chalk reservoirs typically have 

larger K-values than sandstone reservoirs. One might intuitively expect that, for a given 

lithology, K-values would increase with porosity. The data reported in Table 2.1 seem to 

be generally consistent with this trend, although there are some discrepancies which 

cannot be resolved with the information available. 

All values of K in Table 2.1 were measured during fluid production operations 

(i.e., decreasing pore pressure). Due to the hysteretic character of reservoir rocks, a 

substantial difference between production and injection (i.e., unloading and loading of 

rock) effects is expected (Holt et al., 2004). A measurement of injection-induced stress 

change was reported by Santarelli et al. (1996) for an unnamed, poorly consolidated 

sandstone reservoir in the Norwegian sector of the North Sea, operated by Saga 

Petroleum. The results showed that no significant change in stress occurred in the 

reservoir (less than 4%) after injection. This result contrasted significantly with the K 

values of 0.42 and 0.70 interpreted for this reservoir during production (Table 2.1, 

Reference 10). The magnitude of this hysteresis effect may be considerably less in other 

reservoirs, depending for example on the degree of over- or under-consolidation and 

cementation of the reservoir rock, initial reservoir pressure (e.g., over-pressuring), 

magnitude of the pressure change, and reservoir depth. 
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2.3. Mechanisms of stress change 

Due to the complexity and heterogeneity of geological formations, the large 

spatial and temporal dimensions of geological features, and the lack of field test data, 

still no integrated explanation for the mechanisms of stress change during injection or 

production has been presented. However, there have been some attempts to explain the 

different possible mechanisms for stress change. In general, two categories of 

mechanisms including poro-mechanical behaviour of rocks and frictional equilibrium 

have been introduced to interpret the stress change effect during pore pressure change 

within a reservoir. 

2.3.1. Poro-mechanical mechanism 

The mechanical interaction between solid rock and its pore fluid can be 

explained using poro-mechanical models which consider the rock as a two or three 

phase matrix including solids and fluids. Due to this mechanism, depending on the 

overconsolidation rate and cemented nature of the reservoir, reservoir deformation 

follows either a reloading path (i.e., stiff response) or a loading path (i.e., soft response) 

path during depletion, which corresponds to increases in effective stresses. During 

injection, a decrease in effective stresses within the reservoir occurs which leads to 

elastic unloading (i.e., stiff response) (Goulty, 2003). Usually, the stiff response of the 

reservoir during either production or injection is assumed to be linear and reversible, 

i.e., poroelastic. In this condition, it is possible to use poroelastic models to analyze the 

change in stress state. For instance, as it is commonly used, the uniaxial compaction 

model for a reservoir gives the following result (e.g., Addis, 1997): 

ν
να

σ
−
−

=
∆
∆

1
21

P
H             (2.2) 

Where ∆σH indicates the change in horizontal stress within the reservoir and α and ν, 

respectively, are Biot’s coefficient and Poisson’s ratio of the reservoir rock. Due to its 

simplicity and the limited amount of required input data, poroelastic modeling has been 

widely used by researchers to study geomechanical behavior of reservoirs (e.g., Addis, 
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1997, Zoback and Zinke, 2002; Goulty, 2003; Hawkes et al., 2005;). However, making a 

decision to choose between an elastic or elastoplastic model has been one of the main 

challenges for geomechanical modeling. Elastic models have been considered 

sufficiently reasonable when the pore pressure change is slow enough or sensibly small 

(Morita et al., 1989) or when the reservoir rock is well-cemented (Dake, 2001) or 

overconsolidated (Goulty, 2003).   However, inelastic deformations have been recorded 

for unconsolidated sand (Dake, 2001) and chalk (Johnson et al., 1989).  Studies of 

Engelder and Fischer (1994) on the overpressured parts of the North Sea graben in 

United Kingdom and the Sable sub-basin of the Scotian Shelf in Canada show that 

choosing poroelastic behaviour can reasonably explain the patterns of horizontal stress 

change in these fields.  

As a practical tool, subsidence records can be used to study poro-mechanical 

reservoir behavior during production. For instance, Segall et al. (1994) applied an elastic 

model to analyse the Lacq gas reservoir based on the existing linear correlation between 

subsidence and reservoir pressure change. Based on the ground-surface subsidence 

behavior the aforementioned reservoirs, two groups of reservoirs have been categorized 

by Hettema et al. (2002). A group of reservoirs (e.g., Lacq gas reservoir, France), have a 

near-linear subsidence pattern. The rocks are usually well cemented and often old. These 

reservoirs are relatively deep (> 2 km) and their ground-surface subsidence is often 

small (less than a few decimeters). The second group (e.g., Ekofisk  oil and gas 

reservoir, North Sea) initially show little compaction and subsidence, which indicates 

elastic behavior of the reservoir; subsequently, elastoplastic deformation of the reservoir 

starts. These shallow depth reservoirs (<2 km) have high porosity, contain poorly 

cemented granular aggregates such as sand and silt, and have beds of highly fractured 

chalk and diatomite.  

2.3.2. Frictional Equilibrium 

In critical state mechanics, where the stress state reaches the rock failure 

criterion, rock will redistribute stresses after failure (i.e., fracturing/faulting). Townend 

and Zoback (2001) believe that in-situ stresses in the crust are mainly controlled by this 
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mechanism. In this condition, depending upon the in-situ stress regime (e.g., normal, 

thrust or strike-slip faulting), there is a critical relationship between the stresses, where 

faults have the optimum dip angle. For example, in a normal fault stress regime, with 

zero fault surface cohesion and fault coefficient of friction of µs (Holt et al., 2004, 

Addis, 1997): 

22 )1(1 ss
H

P
µµ

σ
−+−=

∆
∆         (2.3) 

It is believed that in an overconsolidated reservoir the competition between elastic 

deformation and frictional equilibrium determines the stress behaviour of the reservoir 

(Goulty, 2003).  

2.4. Stress arching effect 

 The assumption of uniaxial deformation has been one of the most popular 

approaches to model the poro-mechanical behaviour of reservoirs. For this type of 

model, the reservoir is considered to be constrained laterally, and to deform solely in the 

vertical direction (Khan et al., 2000). Hawkes et al. (2005) considered a uniaxial 

compression scenario for a reservoir and used a Coulomb failure criterion to predict the 

range of fault dip angles which might be reactivated within reservoirs during injection 

and production. Streit and Hillis (2002) applied the same methodology to investigate the 

observed induced seismicity in the Ekofisk oil field, North Sea.  

 The uniaxial poroelastic model is, strictly-speaking, only appropriate for 

laterally infinite reservoirs.  In a practical sense it is useful for reservoirs that are very 

thin relative to their lateral dimensions, but it is certainly not a realistic model for all 

reservoir geometries. For instance, lenticular sandstone reservoirs have a clearly 

different stress change path than do blanket sandstone reservoirs (Khan et al., 2000). In 

addition, many reservoirs form in folded formations which are tilted, to some extent, 

with respect to the principal in-situ stress directions (e.g., Lacq gas reservoir in France). 

Also, the uniaxial model may not be a realistic assumption if there is a significant 

contrast between the reservoir and the surrounding rock, which is the case for many 
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reservoirs (Morita et al., 1989), especially if reservoir does not have large lateral 

dimensions.   

If a reservoir was a free body, effective stress changes would simply result in its 

contraction or expansion. However, the reservoir is “attached” to the surrounding rock, 

which works against the reservoir tendency to contract/expand. Due to this competition 

between internal driving forces and external constraints, anisotropic changes in total 

stress may be induced depending on reservoir geometry, mechanical property contrasts 

between the reservoir and its surrounding rock, and the distribution of pore pressure 

within the reservoir (Figure 2.1). This phenomenon has been called arching (e.g., 

Mulders, 2003).  

Due to the fact that there can be changes in vertical stress as well as horizontal 

stress within and outside of a reservoir, arching ratios have been defined to give a more 

general explanation of stress change patterns. Arching ratios are most appropriate for 

poroelastic materials, where there is a linear relationship between the change in stress 

and the change in pore pressure and they are defined as follows (Mulders, 2003): 

PHH ∆∆= /σγ , PVV ∆∆= /σγ  (2.4) 

 

(a)

(b)

 

Figure 2.1. Total stress change (a) around and (b) within  a reservoir induced by 

production 
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where γH and γV, respectively, are horizontal and vertical stress arching ratios; ΔσH and 

ΔσV, respectively, are horizontal and vertical stress change and ΔP is the reservoir’s pore 

pressure change.  

 The value of the vertical stress arching ratio has commonly been considered 

negligible for reservoirs of large lateral extents (i.e., reservoirs that deform uniaxially) 

(e.g., Zoback and Zinke, 2002). Unfortunately, in practice, there is no field measurement 

to assess the importance or magnitude of this effect. Analytical and numerical models do 

show, however, that arching may have a very significant effect leading to a reduction of 

contractile strains within a reservoir and a redistribution of in-situ stresses. For instance, 

Mulders (2003) stated that, for small reservoirs made up of weak rocks, about 50% of 

the vertical effective stress change may be arched away (i.e., γV ≅ 0.5). Using 3D 

modeling, Kenter et al. (1998) interpreted that there was likely 20% to 30% vertical 

arching (i.e., γV ≅ 0.2 to 0.3) during depletion of the Shearwater gas reservoir in the 

northern North Sea.  

Stress path ratio (Rσ) is another useful parameter that accounts for both induced 

horizontal and vertical stresses changes within a reservoir. It is defined as the ratio of the 

effective horizontal stress change to the effective vertical stress change (Khan et al., 

2000; Schutjens et al., 2001): 

VHR σσσ ′∆′∆= /  (2.5) 

2.5. Induced stress change modeling 

In addition to the simple analytical approaches presented above (e.g., uniaxial 

elastic deformation mechanism and frictional equilibrium mechanism), some useful 

closed-form solutions exist for induced stress change within the reservoir (e.g., Segall 

and Fitzgerald, 1998; Fjær et al., 2008). Moreover, there are two main groups of models 

for stress analysis within and around reservoirs: semi-analytical models and numerical 

models. Semi-analytical models implement analytical solutions accompanied with 

numerical integration procedures to find the stress change distribution throughout a 
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field. In fact, these models do not discretize differential equations and their only 

discretization occurs in the numerical integration scheme. They are often capable of 

assessing stress changes both within a reservoir and in the surrounding rocks. These 

models are also based on simplified geometrical and fluid flow assumptions, and they 

are usually developed using the assumption of linear poroelastic material behaviour for 

the reservoir and the surrounding rocks (e.g., Segall, 1985).  

To analyze more complicated reservoirs, accounting for more realistic 

geometries and rock/fluid behaviour, the use of numerical models is required. Numerical 

models use discretization methods in both the space and time domains and solve the 

resultant equations to find displacements, strains, fluid pressure, and stresses. These 

models commonly use finite element, finite difference, or discrete element methods for 

discretization. One of the most important advantages of some numerical models is their 

ability to model discontinuities, such as faults and weak shear zones that exist in the 

field.  

A brief summary of several models developed and/or used to study induced 

stress changes, as well as some key parameter sensitivities identified using these models, 

is given in Table 2.2. 

2.5.1. Semi-analytical analysis 

Although semi-analytical models are not able to consider some of the 

complexities of real problems, usually the accuracy and the stability of semi-analytical 

models are more reliable than those of the numerical models. In any case, semi-

analytical solutions for poroelastic stress and strain fields induced by subsurface fluid 

pressure changes are extremely useful because of their relative ease of implementation 

and their suitability for parameter sensitivity analyses (Wong and Lau, 2008). These 

methods generally try to solve the poroelastic equilibrium equations which, in their 

general form, are (Segall, 1992): 

0
21

2
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where iu  are the displacement components, µ denotes the shear modulus, ν is the 

Poisson’s ratio, P is the pore pressure and if  represent the body forces.  

Theory of strain nuclei 

One of the first solutions for homogeneous, poroelastic media was derived using 

the “nuclei of strain” concept (Love, 1944; Mindlin and Cheng, 1950). This model is 

applied to problems where the material properties of the reservoir are the same as the 

surrounding rock (i.e., homogenous problem). This model was used by Geertsma (1966) 

to find the subsidence of reservoirs where the pore pressure change within the reservoir 

was considered constant over the entire reservoir. Du and Olson (2001) applied the 

theory of strain nuclei in a discrete way to study subsidence for different arrangements 

of production wells. Wong and Lau (2008) also used this theory to study the observed 

ground surface heave resulting from steam injection in Cold Lake oil sand reservoir in 

Alberta, Canada. Segall (1985) applied the theory of strain nuclei to analyze the stress 

distribution and fault reactivation potential in rocks  surrounding a depleting reservoir in 

Coalinga, California. He used the model in combination with a fluid extraction 

formulation to simulate pore pressure change during a constant rate of production from a 

line of wells placed in the center of the reservoir. Baranova et al. (1999) tried to re-

develop essentially the same model to study induced seismicity in the Western Canada 

Sedimentary Basin. As re-analyses done by this author have shown, their modelling was 

wrong because they did not correct a typing mistake existing in the original paper. An 

axisymmetric version of the model had been introduced by Segall (1992) and was 

successfully applied to Lacq gas reservoir to analyse and predict subsidence (Segall et 

al., 1994). The theory of strain nuclei is mainly restricted to the assumption of identical 

properties for the reservoir and surrounding rock. This theory will be addressed in detail 

in the next chapter.  

Theory of inclusions 

According to Eshelby (1957), an inclusion is a region in a homogeneous 

isotropic elastic medium that would undergo an arbitrary strain if it was unbounded, but 
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due to the constraint imposed by matrix that surrounds it, the strain field within it is 

modified. In his well-known papers on this subject, Eshelby (1957, 1959) showed that 

the inclusion problem is equivalent to solving the equations of elastic equilibrium for a 

homogeneous body with a known body force distribution.  

Segall and Fitzgerald (1998) suggested using the theory of inclusions for an 

ellipsoidal inclusion (i.e., reservoir) in a full-space, to evaluate the possibility of fault 

reactivation within a reservoir during its depletion. When the reservoir is an 

axisymmetric reservoir with a thickness considerably less than its lateral dimensions, 

they proposed using an formulation for stress change within a reservoir given by Mura 

(1982). They applied this formulation to study the induced stress change within the 

Ekofisk reservoir. They also implemented this solution, in conjunction with a simplified 

implementation of the Coulomb Failure Stress Change concept, to investigate the 

general patterns of fault reactivation within the reservoir and in the rock immediately 

adjacent to it. Their analyses showed that, during production, there is a tendency 

towards fault reactivation within the reservoir and adjacent to its lateral flanks in a 

normal fault stress regime. Similarly, they showed a tendency towards reactivation in 

overlying and underlying rocks in a thrust fault stress regime. The main limitations of 

this model are: considering the reservoir in a full space (i.e., surrounding rock that 

extends to infinity in all directions); a very particular form for the reservoir geometry 

(i.e., elliptical); and identical material properties for both reservoir and surrounding rock 

(i.e., neglecting heterogeneity throughout the field).  

Theory of inhomogeneities 

The inability to account for material property contrasts is a key limitation of the 

previously discussed methods. There are many reservoirs which have remarkably 

different mechanical properties from the surrounding rock. For instance, for some 

overpressured high-porosity chalk reservoirs in North Sea the stiffness of some reservoir 

is 20 times lower than the surrounding rock. The opposite condition has been observed 

for low-porosity tight sandstones in the Unites States (Morita et al., 1989). The contrasts 
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between the reservoir and surrounding rock may significantly affect the magnitudes of 

induced stresses (Khan et al, 2000).  

 When the inclusion (i.e., reservoir) and matrix (i.e., surrounding rock) have 

different elastic properties, the inclusion is referred to as an inhomogeneity. Eshelby 

(1957) showed that the problem of an ellipsoidal inhomogeneity with constant 

eigenstrains can be transformed into an equivalent inclusion problem. Rudnicki (1999) 

used Eshelby’s theory of inhomogeneities to solve for induced stress changes within a 

penny-shaped reservoir located in a full-space when the material properties of the 

reservoir and surrounding rock are different. He concluded that the full-space 

assumption is a good approximation for inhomogenities in the crust for which the depth 

is greater than the lateral extent. He applied this theory in conjunction with a Coulomb 

failure criterion for faults which are optimally oriented for frictional sliding; it was 

shown that, for a thrust fault stress regime, faults always tend towards stabilization 

during production and towards reactivation during injection. For a normal fault stress 

regime, the fault reactivation tendency was shown to depend on the fault surface 

frictional angle and the stress path. The latter parameter is a function of reservoir aspect 

ratio (e = thickness/width), the ratio of shear moduli in the reservoir to the surrounding 

rock, and Poisson’s ratios of these two bodies.  

Borehole stability model 

Chen and Teufel (2001) used a model which originally had been provided by 

Ochs et al. (1997) for the purpose of studying the evolution of in-situ stresses around 

boreholes due to production from a well within a horizontal, elastic, isotropic and 

homogeneous layer with impermeable upper and lower boundaries. A plane strain 

condition was assumed, meaning that the thickness of the reservoir remains constant. 

Integration of two-dimensional Green functions was applied for solving the problem. 

Considering the fact that the method was developed for a transient fluid flow-stress 

coupling condition around a borehole, it looks too local to be applied to large reservoirs. 

In addition, there are some important, inconvenient assumptions for the model. The 

most important fact is that the reservoir is of cylindrical shape with a constant thickness, 
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which means that the significant vertical compaction of the reservoir is ignored in 

modeling. Moreover, it is considered that the tangential and radial stress changes are 

principal minimum and maximum stress changes; however, in most cases, this is not an 

acceptable assumption for practical purposes.  

2.5.2. Numerical analysis 

In many cases such as fault reactivation or induced fracturing analyses, to find 

more exact solutions for stress change, it is nessecary to relax our assumptions of 

idealized material behavior, pressure distribution, reservoir geometery, etc. Further to 

handling these factors, and others, more realistically, numerical models have the 

signifcant advantage of being able to consider pore pressure-stress coupling while 

solving coupled geomechanical flow and geomechanical equations. 

Applied numerical models for the study of induced stress change that occur 

during both production and injection may be categorized in two main groups: general 

solutions and site-specific solutions. General solutions are developed to give a better 

understanding of the reservoir behaviour with very general characteristics. Generally, 

they are accompanied with sensivity analysis to find the importance of different 

properties and parameters on the medium response to fluid pressure change. 

Alternatively, site-specific solutions are developed to investigate a particular 

phenomenon (e.g., surface subsidence, fault reactivation, induced fracturing) within a 

specific field. This phenomenon is usually the consequence of stress changes, and the 

foremost attention in these problems is usually given to the study of the intended 

phenomenon.  

Table 2.3 lists some numerical models which have been used to study the 

consequences of production or injection within specific reservoirs around the world. 

These models mainly were constructed to study the observed or expected induced 

seismicity in producing reservoirs or to study the caprock integrity of reservoirs as 

containers for the injected fluids.  
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Further to the site-specific numerical modeling summarized in Table 2.3 several 

more general studies of production-/injection-induced stress change have been 

conducted using numerical models, as follows:  

A numerical study on the behaviour of a reservoir (2000 m radius, 50 m 

thickness) during depletion has been carried out by Gambolati et al. (1999). They 

considered the reservoir to behave elastically and isotropically. Their study indicates 

that induced stresses for a laterally constrained, cylinderical reservoir embedded in a 

half space, stresses are quite uniform throughout the reservoir except in a small region 

on the boundary of the reservoir. In the interior portion of the reservoir, shear stress is 

zero but close to the edges of the reservoir large shear stresses develop with a magnitude 

roughly equal to the horizontal stresses. Using this model, it is concluded that an 

odeometer test is the most appropriate test for assessing a hydrocarbon field’s 

compressibility. The main shortcoming of the study is the very specific geometry for the 

reservoir that was considered (i.e, a very small aspect ratio, e = 0.025). For a reservoir 

with such a low aspect ratio, some of the results, such as independency of induced 

stresses on the reservoir depth (see Table 2.2), are not surprising considering the fact 

that e = 0.025 is not significantly different from a laterally infinite reservoir (i.e., e = 0).  

Morita et al. (1989) used a finite element model of a general disk-shape reservoir 

for a sensitivity study on the effects of reservoir geometry, burial depth, and material 

properties contrast with surrounding rock on reservoir compaction, subsidence, and 

induced stress change within the reservoir. Studying the contrast between the reservoir 

and the confining formation showed that, if the contrast is small, the change in the 

overburden stress is insignificant, although it increases slightly towards the flanks of the 

reservoir. The stress in the caprock significantly increases if the reservoir is weak 

compared with the surrounding rock. Their study for thin reservoirs showed significant 

vertical effective stress change but trivial horizontal effective stress change within the 

reservoir.  

Khan et al. (2000) developed a geomechanical model to determine the effects of 

geological and geomechanical factors that control the reservoir stress path within a 
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reservoir during production. A production well was placed at the center of the reservoir. 

The effects of reservoir geometry of lenticular reservoirs and contrasts in elastic 

properties between the reservoir, and surrounding rock were evaluated.  A specific depth 

was considered for the reservoir and reservoir geometry was changed by varying the 

aspect ratio. The effects of elastic properties and the contrast between the reservoir and 

surrounding rock, anisotropy, and plasticity were considered in this study. They 

concluded that uniaxial deformation is only a reasonable approximation if, 

simultaneously, the ratio of the shear modulus of the reservoir to surrounding rock is 

between 0.2 and 1.5, the depth of the reservoir is more than its half-width, and the aspect 

ratio of the reservoir is less than 0.05. 

Mulders (2003) studied the stress change within and outside of reservoirs when 

the pore pressure change distribution is constant throughout the entire reservoir. This 

study gives an overview of stress development during depletion of ellipsoidal and disk-

shaped hydrocarbon reservoirs which shows that the calculated stress change in the disk-

shaped reservoir is not constant within the reservoir as it is within the ellipsoidal 

reservoir (Figure 2.2). There is significant variation of stress change near the lateral 

edges of disk-shaped reservoirs which is considerably influenced by the surrounding 

rock. However, there is a roughly constant stress change distribution within the central 

part of the disk-shaped reservoir (consistent with the results of Gambolati et al., 1999), 

meaning that near the edges stresses are arched away from the reservoir. In addition, a 

sensitivity analysis was carried out to find the influence of several parameters, including 

reservoir rock properties, surrounding rock properties, reservoir geometry (depth and 

aspect ratio) and reservoir tilting, on the stress development within and around 

reservoirs (see Table 2.2). The study shows that the numerically calculated values of 

arching ratios at the center of both ellipsoidal and disk-shaped reservoir for reservoirs 

with small aspect ratio (e = 0.05) match with the analytical values for uniaxial reservoir 

compaction conditions.  In the surrounding rock just above and below the reservoir’s 

centre, there is an increase in horizontal in-situ stress and a decrease in vertical in-situ 

stress.  
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Figure 2.2. Comparison of numerically calculated arching ratios in (a) and (b) an 
ellipsoidal reservoir and (c) and (d) a disk-shaped reservoir (from Mulders, 2003). 

 

 



 

 

 

 

Chapter 3 

Induced stress change modelling 

 

3.1. Introduction 

Closed-form and semi-analytical solutions for induced poroelastic stresses and strains 

are extremely useful for the design of subsurface fluid storage in reservoirs because of their 

relative ease of implementation and their suitability for parameter sensitivity analyses. It is 

possible to model production and injection-induced stress changes using the theory of 

inclusions. Semi-analytical solutions are presented in this chapter for reservoirs with 

different geometries for both horizontal reservoirs, and for those that are inclined in the 

cross-sectional plane. In addition, Eshelby’s theory of inhomogeneities is used to derive 

equations that can be implemented to predict the induced stresses and strains for reservoirs 

with ellipsoidal shape and possessing different material properties from the surrounding 

rocks.  Stress change parameters calculated using these equations are charted for different 

reservoir geometries and depths using dimensionless parameters. These charts can be used to 

estimate induced stress changes for reservoirs of any depth or dimensions, provided their 

geometries are similar to the idealized geometries used for these models. Sensitivity analyses 

are conducted to study the effects of different parameters such as reservoir geometry (e.g., 

shape, depth, and tilt) and material properties on induced stress changes. It is important to 

note that most of modelss developed in this chapter have been verified using numerical 
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modelling applications (e.g., FLAC) by the author or by comparing to results presented in 

the literature (e.g., Mulders, 2005; Jimenez, 2006 – as presented in section 6.6 of this thesis).           

The following assumptions have been made in the development of new models 

presented in this chapter and used in the subsequent chapters of this thesis: 

 Reservoirs and their surrounding rocks are assumed to behave as homogeneous, isotropic 

linear-elastic continua. 

 The model domains considered assume idealized reservoir geometries (2D plane strain or 

axisymmetric) embedded within either a full-space (i.e., the surrounding rock extends to 

infinity in all directions) or a half-space (i.e., accounting for the presence of ground 

surface, which is assumed to be planar and stress-free). 

 Given the adopted assumption of continuum mechanics material behavior, the effects of 

displacements on and propagation of newly-induced or existing faults and fractures have 

not been considered. The intent of the models developed in this work is to assess if 

induced stresses will induce fractures or reactivate existing ones; NOT to assess how 

these features will behave once formed or reactivated. 

 Pore pressure and temperature changes are considered to be uniform within the reservoir 

(although this is not necessarily a requirement for some of the models). 

 The interaction of fluid flow and temperature change with rock deformation is neglected. 

A drained response is assumed in the rock surrounding the reservoir; i.e., it is assumed 

that no pressure change occurs in the surrounding rock during fluid injection into or 

withdrawal from the reservoir. Similarly, a condition of zero temperature change in the 

surrounding rock is assumed for thermoelastic problems.  

 Processes of fluid migration through faults and fractures are not considered.  

3.2. Elasticity field equations 

The equilibrium equations for a continuous medium are: 

0,  ijij b  (3.l) 
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where ij is the stress tensor and bi represents body forces. In these equations, and those that 

follow, Einstein’s index notation has been used. More information on index notations, which 

are commonly used to simplify the presentation of equations involving vector or tensor 

fields, can be found in most continuum mechanics textbooks (e.g., Mase, 1970). For a 

thermo-poroelastic medium, the relationship between the stress tensor and strain tensor (ij) 

can be written as follows: 

TPC ijijklijklij    (3.2) 

where Cijkl is the elastic stiffness tensor,  is Biot’s coefficient, P is pore pressure, ij is the 

Kronecker delta, ij  is the thermoelastic modulus tensor, and T is the temperature change. 

For small strains, the relation between displacements (ui) and strains is: 

2/)( ,, ijjiij uu   (3.3) 

Substituting equations (3.2) and (3.3) in equation (3.1) and using the symmetrical property of 

elastic stiffness tensor (i.e., Cijkl=Cklij=Cijlk) results in the poroelasticity displacement field 

equation, as follows: 

0,,,  ijijilikijkl bTPuC   (3.4) 

This equation can be written as the following general form: 

0,  ilikijkl fuC  (3.5) 

where fi is considered to be an equivalent force which, based on superposition, is defined as a 

linear combination of any or all of the following: body force (bi), pore pressure effect (-P,i), 

and thermal effect (-ΔT,i).  

In the case of isotropic linear elasticity, the stiffness tensor Cijkl and thermoelastic 

modulus tensor ij are expressed as: 
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where K, , and , respectively, are bulk modulus,  shear modulus and Poisson’s ratio, and η 

is linear thermal expansion coefficient. Using equations (3.6) and (3.7), equation (3.5) will 

reduce to the following form for an isotropic poroelastic material which is a general form of 

equation (2.6): 
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21

)1(2

21 ,,,,
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 iiijjiji bPTuuu 




  (3.8) 

3.3. Stress arching ratios 

Stress arching ratios are defined as the ratio of induced stress change to pore pressure 

change within a reservoir (e.g., Mulders, 2005) and their values are constant for a poroelastic 

medium during fluid injection or production.  In this work, a  more general form of these 

factors is defined as the ratio of induced stress change to effective pore pressure change 

within the reservoir (i.e., αΔP where α is Biot’s coefficient and ΔP is reservoir pressure 

change, which is positive during injection and negative during production), as follows: 

)/(
11 )( PHH   ; )/(

22 )( PHH   ; )/()( PVV    (3.9) 

where )( 1H , )( 2H , and )(V , respectively, are poroelastic normalized horizontal and 

vertical stress arching ratios; 
1H , 

2H , and V , respectively, are horizontal and 

vertical stress changes.  H1 and H2 denote directions for two assumed perpendicular 

horizontal stresses (e.g., minimum and maximum in-situ horizontal stresses). Assuming that 

the poroelastic stress arching ratios for a given reservoir have been determined, the effective 

stress changes within the reservoir can be calculated as follows: 

))(1( )( 11
PHH    ; ))(1( )( 22

PHH    ; ))(1( )( PVV     (3.10) 
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Note: Biot’s coefficient, which is used in the preceding equations (and throughout 

this thesis), is a function of matrix stiffness (Km) and solid mineral grain stiffness (Ks). For a 

monomineralic rock, it is defined as α =1-Km/Ks. This coefficient has been defined to be used 

in porous media and it has being widely used for poroelastic analysis of rocks (e.g., Segall et 

al., 1994). When the rock has a high porosity or a highly fractured structure, this coefficient 

will have a value close to one due to the reduced stiffness of the matrix (e.g., Ekofisk’s 

reservoir, see Chapter 6). For cemented or over-compacted rocks, the value of Biot’s 

coefficient might be significantly less than one (e.g., Lacq gas reservoir, see Chapter 6).  

For the sake of solving the problem for thermoelasticity, horizontal and vertical 

thermoelastic stress arching ratios (i.e., respectively )( 1HT , )( 2HT , and )(VT ) are defined as 

follows: 

THHT  /
11 )(  , THHT  /

22 )(  , TVVT  /)(   (3.11) 

Due to the similar, dilatational nature of pore pressure change and temperature change 

effects, the thermoelastic solution can be considered as an analogous case for the poroelastic 

solution. As will be shown later in this chapter, the thermoelastic stress arching ratios can be 

evaluated by transformation of the poroelastic stress arching ratios. It should be noted, 

however, that the definition given in equation (3.11) is such that these thermoelastic arching 

ratios are not dimensionless.  

3.4. Theory of strain nuclei 

The theory of strain nuclei was essentially developed to solve the field equations in 

an elastic medium for point loading conditions, also called singularities, such as point forces, 

concentrated moments, and centers of dilatation (or compression). However, by integration, 

this methodology was extended to solve problems of distributed loading conditions (Love, 

1944).  

The simplest form of such a solution is for a point force in an infinite medium, which 

is known as Kelvin’s problem. Imagine a force with unit magnitude in any direction acting 

on any point x within an infinite medium. Since fi in equation (3.5) has a body force nature, 
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to imply the effect of this unit point force in this equation, as an equivalent, we might use the 

Dirac delta function. The Dirac delta function is defined as follows, for a point x in an 

arbitrary volume V: 










 '1)'(

'0)(

xxxx

xxx'x

ifdV

if

V




 (3.12) 

In this case, equation (3.4) can be written as: 

0)(),(,  jkmnijknimGC  x'xx'x  (3.13) 

Gij(x,x), which are known as Green’s functions, are defined in this equation as the 

magnitude of displacement of point x in the i-direction, when a unit body force in the j-

direction is applied at point x in an elastic medium.  

If, instead of a unit point load, a point force of Fj acts on point x, the displacement at point x 

can be found as: 

),( x'xijji GFu   (3.14) 

If a distributed load fj is applied on the volume , the following solution can be used to solve 

for the displacement at point x: 




 x'x'x dGfu ijji ),(  (3.15) 

Returning to the context of thermo-poroelasticity, fj in equation (3.5) might be a 

consequence of loading conditions such as pressure or thermal changes. Since all 

deformations in these cases are volumetric, they are known as dilatational (or compressional) 

problems. For instance, in the case of pore pressure change, equation (3.15) can be written 

as:  
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 x'x'x dGPu ijji ),(,  (3.16) 

Integration of this equation by parts results in the following equation (Segall, 1992): 




 x'x'x dPGu D
ii ),(  (3.17) 

where Gi
D(x,x′) are called  influence functions for dilatation and they are functions of 

Green’s functions, as follows:  

),(),( , x'xx'x jij
D
i GG   (3.18) 

Knowing ui, equations (3.2) and (3.3) can be used to find induced stresses in the medium. 

These result in the following equation:  

ij
S
ijij PdPG   



xxx,x )()(  (3.19) 

where Gij
S(x,x’), which are referred to as stress functions, are a function of Green’s functions 

as follows: 

ijpkkppijppjip
S
ij GGGG 


 ),(
21

2
)),(),((),( ,,, xxxxxxxx 


  (3.20) 

Green’s functions for a full space can be derived by solving equation (3.13) using 

partial differential equation solutions such as a Fourier transform. Using the process of 

superposition, differentiation, and integration, and starting from the solution of the elasticity 

equations for a single force in a full space, the solution for influence functions for several 

different strain nuclei in an infinite medium or a semi-infinite medium can be derived (e.g., 

Mindlin, 1936; Mindlin and Cheng, 1950). An extensive list of Green’s functions and 

influence functions was given by Seremet (2003).  
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3.5. Theory of inclusions 

An inclusion   is a region in a homogeneous isotropic elastic medium  that would 

undergo an arbitrary strain if it was unbounded, but due to the constraint imposed by the 

matrix  that surrounds it, the strain field within it is modified.  The arbitrary strain is 

referred to as an “eigenstrain”. Eigenstrains can be thought of as internal strains that would 

be caused by various mechanisms, including poroelastic, plastic, and thermal changes, in a 

body free from external force and surface constraint. In his well-known papers on this 

subject, Eshelby (1957, 1959) showed that the inclusion problem is equivalent to solving for 

the equations of elastic equilibrium for a homogeneous body with a known body force 

distribution. For such bodies, the equations of elastic equilibrium are solved using the elastic 

Green’s functions. Using the Green’s function method, the displacement components  and 

stress field 

D

D

ij

iu

  due to eigenstrain  in the inclusion *
ij   can be written as (Mura, 1982, p. 

33): 




 xx'xx'x dGCu lijmnjlmni ),()()( ,
*  (3.21) 









 


)(),()()( *
,

* xxx'xxx klqlkpmnpqmnijklij dGCC   (3.22) 

where  for  .  0)(* xij Dx

In the case of “dilatational” eigenstrain (i.e., the tendency of the inclusion would be 

to expand or contract isotropically, as would be the case for poroelastic or thermoelastic 

strains in an isotropic medium),  and equations (3.21) and (3.22) reduce to: ij
C

ij  )()(* xx 








 xxxxx dGu D
i

C
i ),()(

21

)1(2
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 (3.23) 

)()()(
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)1(2
)( * xxxx,xx ij
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ij

C
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 (3.24) 
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where )(
21

)1(2
)(* xx C

ijij 






  is the eigenstress at point .  x

The theory of inclusions can be applied to a wide variety of problems in elasticity for 

different types of eigenstrains. However, in reservoir engineering, we are interested in 

dilatational eigenstrains resulting from pore pressure or temperature changes; the values of 

dilatational eigenstrain (C
*) for these conditions, respectively, are: 

)(
)1(2

)21(

3

1* P
K

P

b
C 











 
 


  (3.25) 

and 

TC  *  (3.26) 

where Kb is bulk modulus and η is the linear coefficient of thermal expansion. 

The treatment of a reservoir as an inclusion also requires the assumption that no 

pressure or temperature change occurs in the surrounding rocks; i.e., there is no 

hydraulically-driven flow, no heat transfer, and fully-drained loading occurs. Inclusion 

theory allows the consideration of reservoirs of arbitrary shape. A useful result of inclusion 

theory, which will be exploited in the dimensionless parameterization described in section 

3.5.1, is the fact that induced stress changes depend on an inclusion’s shape (e.g., 

thickness/width ratio) and relative depth (i.e., width/depth ratio), but not on its absolute 

dimensions. 

3.5.1. Theory of inclusions applied to elliptical reservoirs in a full-space 

Eshelby (1957) showed that, for an ellipsoidal inclusion in a full-space, the strain and 

stress field are uniform for all interior points. Eshelby (1961) further speculated that 

ellipsoidal inclusions are the only ones to have this remarkable property. This hypothesis was 

reinforced when Rodin (1996) showed that constant stresses are impossible in inclusions 
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with corners. In such cases, the following relation exists between induced strain (ij) and 

stress change (σij) fields and eigenstrain vector: 

*
klijklij S    (3.27) 

)ε(εCσ klklijklij
*  (3.28) 

where Sijkl is Eshelby’s tensor. This unique character for ellipsoidal inclusions can be used to 

derive an analytical solution for induced stress change within a reservoir. Segall and 

Fitzgerald (1998) proposed using the theory of inclusions to find stress changes within and 

adjacent to an axisymmetric ellipsoidally shaped reservoir in a full-space.  Following, this 

theory is applied to derive closed-form solutions for stress arching ratios within reservoirs 

with different variations of ellipsoidal geometries in a full-space. Various sub-classes of an 

ellipsoidal inclusion geometry are considered, including: oblate spheroid, prolate spheroid, 

sphere, and penny-shaped. Further, by allowing one or two axes to extend to infinity, an 

ellipsoidal geometry can be used to consider an inclusion that is either an elliptic cylinder or 

a layer of infinite lateral extent. The dilatational components of Eshelby’s tensors for these 

different geometries are listed in Table 3.1.  

For an isotropic elastic medium, induced stress changes, hence poroelastic and 

thermoelastic stress arching ratios, can be found by using equations (3.25) to (3.28).  

Following, arching ratios are given for the above-noted classes of an ellipsoidal inclusion. A 

summary of these solutions is given in Table 3.2. 

For a prolate spheroid (i.e., an axisymmetric ellipsoid with an axis of symmetry 

dimension greater than the diametrical dimension) with a vertical axis of symmetry, the 

poroelastic normalized stress arching ratios induced by pore pressure change can be 

determined as: 
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Table 3.2. Poroelastic normalized stress arching ratios for different geometrical variations of 
an ellipsoidal reservoir derived using the theories of inclusions and inhomogeneities. 

Shape Inclusion (Reservoir and surrounding 
rock have identical elastic properties) 

Inhomogeneity (Elastic properties of reservoir are 
different from the surrounding rock) 

Oblate 
spheroid 








































2

2

2/32

1

)(

2/32

1

2)()(

1)1(

cos

1

21

)1(

cos

1

1
1

1

21

2

1
21

e

e

e

ee

e

ee

e

V

HH











 

Numerical solution can be found from equations 
(3.62).  For a simplified inhomogeneity (i.e., =*),  
a closed form solution can be found as: 
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Numerical solution can be found from equations 
(3.62). For a simplified inhomogeneity (i.e., =*),  
a closed form solution can be found as: 
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Table 3.2. (Continued) Poroelastic normalized stress arching ratios for different geometrical 
variations of an ellipsoidal reservoir derived using the theories of inclusions and  
inhomogeneities. 

Shape Inclusion (Reservoir and surrounding 
rock have identical elastic properties) 

Inhomogeneity (Elastic properties of reservoir are 
different from the surrounding rock) 

Elliptic 
cylinder 
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 (3.29) 

where e is the aspect ratio of the prolate spheroid (the ratio of the vertical semi-axis to the 

horizontal semi-axes), which, by definition is always greater than one. [Note: Due to the fact 

that this axisymmetric solution has been derived for a full-space, by interchanging the axis 

indices, these equations could also be used for reservoirs with symmetry axes that are 

horizontal or inclined.]   

For an oblate spheroid (i.e., an axisymmetric ellipsoid with aspect ratio (e) less than 

one) with a vertical axis of symmetry, the poroelastic normalized stress arching ratios (as 

shown previously by Fjær et al., 2008, p. 397) are calculated as follows: 
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 (3.30) 

Poroelastic normalized stress arching ratios for a sphere (i.e., e = 1) can be found as: 
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In the special case of an oblate spheroid when aspect ratio is very small (e ≤ 0.2), 

which is the case for many reservoirs, the inclusion shape can be approximated by a penny-

shaped geometry with a maximum absolute error of 0.065. This maximum error occurs for 

the smallest possible value of Poisson’s ratio; i.e., zero. For the penny-shaped case, 

poroelastic normalized stress arching ratios (as shown previously by Segall and Fitzgerald, 

1998) can be derived as: 

21

21
;)

4
1(

1

21
)()()( 21

ee
VHH






  







  (3.32) 

In the limiting case where aspect ratio (e) approaches zero, the ellipsoid resembles a 

horizontal layer with a very small thickness compared to its lateral extent. In such a case, the 

poroelastic normalized stress arching ratios are: 

0;
1

21
)()()( 21





 VHH  

  (3.33) 

These simple equations have been traditionally used for stress analysis in reservoir 

geomechanics (e.g., Zoback and Zinke, 2002; Hawkes et al., 2005).   

All the solutions given above have been developed for reservoirs with axisymmetric 

geometries. In cases where the reservoir has an elongated geometry, an elliptic cylinder 

geometry can be used. This case gives a plane strain solution for the problem, as follows: 
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For the special case of a circular cylinder (i.e., e = 1) these equations reduce to: 
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It is interesting to note that, for all of the geometries considered above, the following 

relationship between poroelastic normalized stress arching ratios holds true (Fjær et al., 

2008, p. 398): 
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Figure 3.1 shows the variation of horizontal and vertical normalized poroelastic stress 

arching ratios as a function of aspect ratio for different geometries, calculated using a value 

of 0.2 for Poisson’s ratio ().  Based on this figure, the maximum difference between results 

from a plane strain solution for an elliptic cylinder and an axisymmetric solution for a prolate 

spheroid is 0.13; this occurs when e = 1, where the geometries are a circular cylinder and a 

sphere, respectively. For aspect ratios less than 0.2, the maximum difference is 0.06. This 

shows that, for many reservoirs, either a plane strain or an axisymmetric solution might be 

considered without a significant error. Dilatational eigenstrains in equations (3.25) and (3.26) 

and equations (3.27) and (3.28) can be used to find the relationship between thermoelastic 

and poroelastic stress arching ratios, as follows: 
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Figure 3.1. Poroelastic normalized horizontal ((H1)) and vertical ((V)) stress arching ratios 
versus aspect ratio (e) for an elliptic cylinder (i.e., plane strain solution) and an oblate 
spheroid (i.e., an axisymmetric solution) for a Poisson’s ratio of 0.2 when the material 
properties of the reservoir are identical to the surrounding rock. [Note: For the axisymmetric 
solution, (H1)= (H2). For the plane strain solution, (H1) represents the arching ratio in the 
cross-sectional plane, and (H2) (the out-of-plane arching ratio) has a constant value of 0.75.]  

Using the principle of superposition in elasticity, thermoelastic and poroelastic stress 

arching ratios can be applied in combination to find the induced stress changes in cases 

where both temperature and pore pressure changes have occurred.  

3.5.2. Theory of inclusions applied to reservoirs in a half-space  

The theory of inclusions might also be applied when an inclusion is embedded in a 

matrix with different boundary conditions such as a half-space, which resembles a reservoir 

buried at a finite depth. However, in this case Eshelby’s rule for ellipsoidal inclusions is no 

longer applicable, hence semi-analytical approaches must be applied to determine induced 
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stresses and strains within reservoirs. To do so, it is necessary to use Green’s functions that 

have been derived for such a half-space. One advantage of using semi-analytical models is 

the fact that they provide an opportunity to consider other geometries for the reservoir. The 

following section provides such solutions and also studies the effects of reservoir depth, 

shape, and “tilting” (i.e., dip) on induced stress change within the reservoir and in the 

surrounding rocks.  

Inclusion theory applied to horizontal reservoirs 

Consider a reservoir under plane strain conditions with elliptical or rectangular cross-

section, its center at depth D, having thickness T , width  and dipping at an angle  in the 

cross-sectional plane (see Figure 3.2). Given the independency of stress change on inclusion 

size, the results of production or injection-induced stress change analyses can be used in a 

very general sense if the solutions are cast in terms of dimensionless reservoir geometry 

parameters. For this reason, reservoir aspect ratio (e) and depth number (n) are defined as: 

a2
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x 1 ;  

D

x
y 2  (3.39) 
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2
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a
n   (3.38) 

and dimensionless coordinates and (),( yx yx , ) are defined as: 

When the reservoir is horizontal, with an elliptical cross-section, equations (3.9) and (3.24) 

can be used to solve for normalized arching ratios as follows: 
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S
ijij  (3.40) 

 

47 
 



 

Figure 3.2. Geometries used for poroelastic analysis of (a) elliptical and (b) rectangular 
reservoirs. 

The corresponding equation for a horizontal rectangular reservoir is: 
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Green’s functions for a plane strain semi-infinite medium with a stress-free boundary 

(i.e., ground surface) are (Seremet , 2003, pp. 358-361): 
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jix 21 xx               (3.43) 
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These Green’s function can be reduced to their corresponding forms in a full-space, 

plane strain problem by eliminating all terms containing 11 xx  . This term accounts for the 

existence of the free surface in a half-space. As such, Green’s functions for an isotropic full 

plane can be written as: 

 1ln)43(
)1(8

1
)( RllG ijjiij 





x'x, , 2,1i                   (3.50) 
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where  , and Rxxl iii /)(  xx R . 

Evaluation of integrals in equations (3.40) and (3.41), and all others that follow in 

this chapter, can be conducted using any of a number of commercially available 

mathematical software applications. Mathcad version 11 (Mathsoft, 2002) was used for the 

work presented in this thesis. 

Figures 3.3 to 3.5 show induced stress changes calculated for a horizontal reservoir 

with rectangular cross-section and dimensionless geometric parameters  and 

. The identification of regions of tensile or compressive stress change is 

accomplished by considering the sign of P within the reservoir. For example, in the case of 

production (i.e., ), tensile horizontal stress changes and compressive vertical stress 

changes are predicted in the rocks laterally adjacent to the reservoir. Above and below the 

reservoir, compressive horizontal stress changes and tensile vertical stress changes are 

predicted. 

5.0n

05.0e

0P

Figure 3.6 demonstrates the variation of arching values along the horizontal center-

line of reservoirs with rectangular and elliptical cross-sections under plane strain conditions. 

For the rectangular case, the horizontal arching value reaches a maximum near the center of 

the reservoir and decreases towards the edge of the reservoir. For the elliptical geometry, in 

relatively deep reservoirs such as this example, the horizontal normalized arching ratio is 

virtually constant throughout the reservoir. The vertical arching value is variable within the 

rectangular reservoir, reaching a minimum at its center, whereas it is virtually constant 

throughout the elliptical reservoir. For both reservoir geometries, there is a discontinuity in 

the vertical arching value at the lateral boundaries. The magnitude of this theoretical 

discontinuity is given as (Goodier, 1937; Segall and Fitzgerald, 1998): 


  




1

21
)()(

Outside
V

Inside
V  (3.51) 

The right-hand side of equation (3.51) has been used as a normalization parameter in 

Figures 3.3 through 3.8. A similar discontinuity also exists in the horizontal normalized 

stress arching ratio at the top and bottom reservoir boundaries. As a practical point, it should  
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Figure 3.3. Contours of horizontal normalized stress arching ratios for a rectangular reservoir 
with n = 0.5 and e = 0.05 (a) for the surrounding rock and (b) within the reservoir.  All of the 
values are normalized by )1/()21(   . 
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Figure 3.4. Contours of vertical normalized stress arching ratios for a rectangular reservoir 
with n = 0.5 and e = 0.05 (a) for the surrounding rock and (b) within the reservoir.  All of the 
values are normalized by )1/()21(   . 
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Figure 3.5. Contours of shear normalized stress arching ratios for a rectangular reservoir with 
n = 0.5 and e = 0.05 (a) for the surrounding rock and (b) within the reservoir.  All of the 
values are normalized by )1/()21(   . 
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Figure 3.6. Variation of horizontal and vertical normalized stress arching ratios along the 
horizontal centerline of horizontal rectangular and elliptical reservoirs with n = 0.5 and e = 
0.05. All of the values are normalized by )1/()21(   . 

be noted that factors such as non-linear or plastic deformation, and gradual pore pressure 

transitions between the reservoir and surrounding rocks, would likely act to diminish the 

magnitude and alter the character of these discontinuities. In fault reactivation and induced 

fracturing analysis, this assumption can be on the conservative side or non-conservative side 

depending upon the location in the surrounding rock and reservoir pressure change scenario 

(i.e., injection or production). 

Figure 3.7(a) shows the normalized arching ratios at the center of horizontal, 

rectangular reservoirs as a function of aspect ratio and depth number. Figure 3.7(b) shows 

analogous results for elliptical reservoirs. It can be seen that with increasing aspect ratio (e), 

the vertical arching ratio increases while the horizontal arching ratio decreases. As expected, 

at the limiting value e = 0 (i.e., a reservoir of infinite lateral extent) the vertical arching ratio 

is zero and the horizontal arching ratio is )1/()21(   , which is independent of depth.  

54 
 



When the reservoir is deep enough, the results shown for an elliptical reservoir in a 

half-space are the same as the results for a full-space, as previously shown in equation (3.34).  
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Figure 3.7. Variation of normalized arching ratios with aspect ratio (e) and depth number (n) 
in the center of (a) a horizontal rectangular reservoir and (b) a horizontal elliptical reservoir. 
All of the values are normalized by )1/()21(   . 
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The full-space plane strain solution is reasonably accurate in settings where reservoir 

depth and lateral extent are similar in magnitude (i.e., 5.0n

1

), especially for reservoirs that 

are relatively thin (i.e., with an aspect ratio less than 0.2). Further, regardless of reservoir 

thickness, the full-space plane strain solution is virtually exact when reservoir depth is at 

least five times greater than lateral extent (i.e., .0n ). 

Inclusion theory applied to tilted reservoirs 

For the case of a plane strain reservoir with an elliptical cross-section that is dipping 

by an angle   from horizontal, the following equation for arching values has been derived 

during this research: 
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Similarly, for a plane strain reservoir with rectangular cross-section that is dipping by an 

angle   from horizontal: 
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where: 

)sin(cos1  eny   (3.55) 

)sin(cos2  eny   (3.56) 

Using these equations for dipping reservoirs in a half-space, it is found that the 

induced stress field for a reservoir with a dip angle less than  only deviates slightly from 

a simple rotation of the stress field induced for a horizontal reservoir, provided that the 

reservoir’s width is not more than twice its depth (i.e., 

30

1n ) and its aspect ratio is not very 

high ( . Parameter sensitivity analyses conducted during this research have shown 

that, if these conditions are satisfied, the maximum error obtained using a simple horizontal 

stress field rotation is roughly 20%. This error significantly decreases for smaller dip angles, 

aspect ratios and depth numbers. In fact, rotation of the stress field obtained with the 

horizontal reservoir solution will provide virtually exact results in cases where the reservoir 

is so deep that the ground surface has negligible impact on the induced stress field (i.e., a 

full-space problem). In such cases, it is possible to use a Mohr circle construction to find the 

arching values in the center of a “tilted” or dipping reservoir, based on the values for a 

horizontal reservoir with the same geometry and center point, as follows: 
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Figures 3.8(a) and 3.8(b) show the normalized stress arching ratios at the center of 

plane strain reservoirs with rectangular and elliptical cross-sections, respectively, when the 

cross-sectional dip angle is 30 degrees. Comparing these results with the results for a 

horizontal reservoir in Figure 3.7 clearly indicates that the effect of dip on normalized stress 

arching ratios is significant. 

3.6. Theory of Inhomogeneities 

In the case when the inclusion (i.e., reservoir) and matrix (i.e., surrounding rock) 

have different elastic properties, the inclusion is referred to as an inhomogeneity. Consider 

the case of an infinite elastic matrix with the elastic moduli , containing an ellipsoidal 

domain with the elastic moduli  as shown in Figure 3.9. If constant eigenstrain  in the 

inhomogeneity causes the strain field 

ijklC

*
ijklC *

ij

ij , the induced stress ∆σij in the inhomogeneity can be 

found as: 

)ε(εCσ klklijklij
**           (3.60) 

Eshelby (1957) showed that the problem of an ellipsoidal inhomogeneity with 

constant eigenstrains can be transformed into an equivalent inclusion problem. As such, it is 

useful to simulate the inhomogeneity as an inclusion in a homogeneous material with 

eigenstrain . By doing this, the stress within the inhomogeneity can be written as: **
ij

)ε(εCσ klklijklij
**              (3.61) 

Here, the eigenstrain is a fictitious one which is introduced for the purpose of this 

simulation. 

**
ij

Using equation (3.27) and (3.28), and the equivalency between equations (3.60) and (3.61), 

we find the following: 
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Figure 3.8. Variation of normalized arching ratios with aspect ratio in the center of (a) a 
rectangular reservoir dipping at 30° and (b) an elliptical reservoir dipping at 30° from 
horizontal in the cross-sectional plane. All of the values are normalized by )1/()21(   . 
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Figure 3.9. Elliptical inhomogeneity in a full plane 

  *****
klijklmnklmnklmnijklijkl εCεC)SC(C   (3.62) 

Poroelastic eigenstrains are similar to thermoelastic ones in that the eigenstrain inside the 

inclusion is dilatational, hence no shear strain components exist. As such, for a poroelastic 

problem under plane strain conditions, we have: 

ijCij  ** ε    (3.63) 2,1, ji

P  is pore pressure change,  is shear modulus, and * *  is Poisson’s ratio in the 

inhomogeneity. 

The isotropic elastic moduli for the matrix and inhomogeneity, respectively, can be 

written as: 

)(ijklijkl CC   (3.64) 

*
)(

**
ijklijkl CC   (3.65) 
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where 

jkiljlikklijijklC 



 




21

2
)(  (3.66) 

and 

jkiljlikklijijklC 



 




*

*
*

)( 21

2
 (3.67) 

Substituting equations (3.63) to (3.66) into equation (3.62) we find: 

   ijN(mm)ν(klmm)klmmν(ijkl)ν(ijkl)μ εCSCCR  ***  (3.68) 

where  is the ratio of shear moduli in the inhomogeneity and matrix, and  

will be referred to as the “normalized fictitious eigenstrain”: 

 /*R **
)(ijNε

)/(

**
**

)( 



P
ij

ijN 
  (3.69) 

The values of equivalent eigenstrains  **
ijε  can be found using equations (3.68) and 

(3.69). They can then be used in equations (3.60) and (3.61) for an equivalent inclusion, to 

solve for the stress and strain fields within and surrounding the inhomogeneity. Following, as 

an example, this methodology is applied to determine induced in-plane stress changes for an 

infinitely long inclusion of elliptical cross-section within a full-space. Then, this 

methodology will be applied to determine induced stress change within different variations 

of ellipsoidal reservoir in three-dimensional full space. 

3.6.1. Application of the theory of inhomogeneities for a plane strain reservoir 

For the case of an infinitely long inclusion of elliptical cross-section within a full-

space (as shown in Figure 3.9), the values of  can be found from Mura’s (1982) 

equations for an elliptical cylinder in a full-space as (see Table 3.1): 

ijklS
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(3.70) 

where e  is the aspect ratio of the elliptical reservoir. 

Fictitious eigenstrains for a plane strain condition  

Using these expressions for  in equation (3.68) it is possible to find the 

poroelastic normalized fictitious eigenstrains in closed form as: 

ijklS

4

1**
)( E

E
HN   , 

4

2**
)( E

E
VN   (3.71) 

where: 

**
)(HN  = in-plane horizontal component of the normalized fictitious eigenstrain 

**
)(VN  = vertical component of the normalized fictitious eigenstrain 

)1)(21](])1()1[([ *222
1   eeeRE       (3.72) 

)1)(21](1]1)1()1[([ *2
2   eRE        (3.73) 

)21()]43()21(2)1)(1()1(2[ ****2
4    eeReeRE    (3.74) 

Special cases 

In the case of a homogeneous material (i.e., 1R  and *  ): 

2

21**
)(

**
)(

 
 VNHN  (3.75) 
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For two limiting cases of , equation (3.71) can be greatly simplified. In the case of 

 (i.e., the inhomogeneity is a cavity), the following expressions are found: 

R

0R

)1()(   eHN
**  ,

eVN

 


1**
)(  (3.76) 

In the case of , we find that R

0**
)(

**
)(  VNHN   (3.77) 

This agrees with the intuitive expectation of no induced fictitious eigenstrains in a perfectly 

rigid body. 

In the special case of an inhomogeneity of infinite lateral extent (i.e., ), equations 

(3.71) reduce to: 

0e

)1(
)1(2

21
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*
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)( 
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21
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RVN  (3.78) 

In the case of a circular inhomogeneity ( 1e ), we find that: 

)1(
21

21
*

*
**

)(
**

)( 











RVNHN  (3.79) 

Stress change within an inhomogeneity 

The induced total stress change within an inhomogeneity can be found using 

equations (3.61) and (3.27) as: 

)( ****
klmnklmnijklij εεSC   (3.80) 

In the case of poroelastic eigenstrains, this can be expressed using equations (3.9), 

(3.64), and (3.69) as: 
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**
)( )( N(mm)klmnlmkmν(ijkl)ij εSC     (3.81) 

For plane strain conditions, the solution of these equations can be written in closed 

form as: 

4

1
)( E

A
H   , 

4

3
)( E

A
V   (3.82) 

where 

])]1(2)21([)[21( *
1 eeRA      (3.83) 

eeRA ]1]21)1(2[)[21( *
3     (3.84) 

Sensitivity analyses 

This section demonstrates the effects of reservoir aspect ratio and rock properties on 

induced stress changes within a reservoir.  

Values of normalized arching ratios, in most conditions, have a weak dependency on 

Poisson’s ratio of the matrix. This is shown in Figure 3.10, which graphs the maximum 

absolute error incurred if the matrix is assumed to have a Poisson’s ratio identical to the 

inhomogeneity’s. This maximum error was calculated as follows: 

1. For a given shear modulus ratio, exact solutions for vertical and horizontal arching 

ratios were calculated over the full range of reservoir aspect ratios ( 0.10  ) and 

matrix Poisson’s ratios ( 5.0

 e

0  ). 

2. The maximum error obtained for all of these cases was recorded, and its absolute 

value plotted on the graph shown in Figure 3.10. 

3. Steps 1 and 2 were repeated for various values of the shear modulus ratio, ranging 

from 0.001 to 1000. 
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Figure 3.10. Maximum error in the calculated normalized stress arching ratio when Poisson’s 
ratio of the matrix and inhomogeneity are assumed to be equal. 

The maximum error in the normalized arching ratio is less than 0.15. This means that, 

using the simplifying assumption of a uniform Poisson’s ratio throughout the entire full-

plane, the maximum error in calculating the induced stress changes will be less than 15 

percent of the effective change in pore pressure ( P ). In many of the cases evaluated, 

especially for shear modulus ratios close to 1, the error will be much smaller. In a practical 

sense, then, it will often be acceptable to make the simplifying assumption of uniform 

Poisson’s ratio. 

As shown, values of normalized stress arching ratios within reservoirs have a weak 

dependence on Poisson’s ratio of the matrix, for most conditions. As such, the simplifying 

assumption of uniform Poisson’s ratio throughout the full-space has been made in the 

examples that follow. 

Figures 3.11(a) and 3.11(b) show the variation of normalized horizontal and vertical 

arching ratios with aspect ratio and shear modulus ratio for two different scenarios with 

uniform Poisson’s ratios (  and ).  Some general observations 

pertaining to these figures are: 

2.0*  4.0* 

 Vertical arching ratio increases monotonically with increasing aspect ratio. 
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Figure 3.11. Normalized horizontal and vertical stress arching ratios (γα(H) and γα(V)) as a 
function of elliptical inhomogeneity aspect ratio ( ) for different values of the shear 
modulus ratio (Rμ): (a) Uniform Poisson’s ratio (ν = ν*) of 0.2.  (b) Uniform Poisson’s ratio 
(ν = ν*) of 0.4.  

e

 Horizontal arching ratio decreases monotonically with increasing aspect ratio only if 

shear modulus ratio is close to or greater than 1. 

 Both vertical and horizontal arching ratios decrease monotonically with increasing 

shear modulus ratio. 

 Both vertical and horizontal arching ratios are larger for the case with smaller 

Poisson’s ratio. 

The variation of normalized arching ratios with shear modulus ratio is shown in Figure 

3.12 for an inhomogeneity with an aspect ratio of 0.5 for cases in which Poisson’s ratio of 

the matrix and inhomogeneity are identical and equal to 0.2 and 0.4, respectively. Once 

again, it is observed that the arching ratios are larger for the case of smaller Poisson’s ratio. 
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Figure 3.12. Normalized horizontal and vertical stress arching ratios (γα(H) and γα(V)) for 
different values of the shear modulus ratio (Rμ) for an elliptical inhomogneity with an aspect 
ratio (e) of 0.5 and uniform Poisson’s ratio throughout the problem domain (i.e., ν = ν*). 

Special cases 

In the case of a homogeneous material (i.e., 1R  and *  ), the new model 

provides results that are equivalent to those that would be generated using models based on 

the theory of inclusions or the theory of strain nuclei. For example, equation (3.82) reduces 

to the following form in such a case, which corresponds to the solutions derived for 

homogeneous media (see equation (3.34)): 

eH 



1

1

1

21
)( 

 , 
e

e
V 




11

21
)( 

  (3.85) 

Further to the sensitivity analyses discussed previously, Figure 3.12 also shows the 

two limiting behaviours for shear modulus ratio. For 0R , which implies that the 

materials of the inhomogeneity are significantly softer than matrix (e.g., a cavity), 

1)()(  VH   . This means that all of the pore pressure change is transferred to the matrix as 

a stress change. For very large values of , which means that inhomogeneity is R
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considerably more rigid than the matrix, the expected result 0)()(  VH    is obtained. This 

means that all of the effect of pore pressure change is sustained by the inhomogeneity itself. 

In the case of an inhomogeneity of infinite lateral extent (i.e., ), equation (3.82) 

reduces to the familiar equation [e.g., Segall and Fitzgerald (1998)]: 

0e

*

*

)(
1

21


  


H , 0)( V  (3.86) 

In the case of a circular inhomogeneity ( 1e ) we find that: 

*

*
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R
VH

 (3.87) 

Stress field within the matrix 

For cases such as poroelastic dilation, for which there are no shear eigenstrains 

(  when 0* ij ji  ), equation (3.22) can be re-written as: 

 


' (3.88)  ))(2 , xx,G miim )()(3(2)()()23()( ,, xx'xx,x'xx,x dGG mmmkkmrrskksij 

The first derivatives of Green’s functions in equation (3.50) are found as: 
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The second derivatives of Green’s functions are found as: 
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Using equations (3.9) and (3.69), and derivatives of Green’s functions, equation (3.88) can 

be written as: 

**
)(kkNijkkij N    (3.91) 








 xx d
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ijkk 2
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 (3.92) 

Specific forms of these equations, for horizontal and vertical stress arching ratios, can be 

written as follows: 

**
)(

**
)()( VNHVHNHHH NN     (3.93) 
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)(
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)()( VNVVHNVHV NN     (3.94) 

where the coefficients , ,  and  are given by: HHN HVN VHN VVN
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Figure 3.13 shows the spatial variation of these coefficients for an inhomogeneity 

having an elliptical cross-section with an aspect ratio of 0.5, under plane strain conditions. 

Figures 3.14(a) and 3.14(b) show the variation of these coefficients along the horizontal and 

vertical centerlines of the same inhomogeneity. Using equations (3.93) and (3.94) and these 

figures, it is possible to calculate the normalized stress arching ratios at any point in the 

matrix using only basic arithmetic operations. [Note: This is a significant point. Although the 

numerical integration required to generate Figures 3.13 and 3.14 is relatively straightforward 
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using available applied mathematics software applications, it is nevertheless a time-

consuming process. As such, a set of contour plots for NHH, NHV and NVV need only b

generated once for a given reservoir aspect ratio, and normalized stress arching ratios c

then be easily calculated for any combination of inhomogeneity and matrix properties. As 

case in point, all of the stress arching ratio plots discussed in the following section were 

generated directly from Figures 3.13 and 3.14.] 
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Figure 3.13. Contour plots of coefficients (a) NHH, (b) NHV, and (c) NVV for an elliptical 
inhomogeneity with aspect ratio e = 0.5. All of the values are normalized by 1/(1-ν). 
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Figure 3.14. Coefficients NHH, NHV and NVV for an elliptical inhomogeneity with aspect ratio 
e = 0.5, (a) along the horizontal centerline (b) along the vertical centerline. All of the values 

d 3.16 are contour plots showing normalized horizontal and vertical 

stress arching ratios, respectively, for an infinitely long inhomogeneity of elliptical cross-

section

 

are normalized by 1/(1-ν). 

Example calculations 

Figures 3.15 an

, with an aspect ratio of 0.5 and Poisson’s ratio of 0.2 for both the matrix and the 

inhomogeneity. Results are shown for shear modulus ratios of 1, 0.5, 2 and 0. Figures 3.17

and 3.18 show analogous output for the same calculations, repeated using a uniform 

Poisson’s ratio of 0.4. 
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The general form of the horizontal arching ratio field is similar for the three re

cases shown, and sligh

servoir 

tly different for the cavity case. Common to all cases, though, is the 

fact that the normalized values of these arching ratios are negative above and beneath the 

inhomo

 The 

ues of these arching ratios are positive above and beneath the inhomogeneity, 

and negative beyond its lateral flanks. This means that, for the example of a depleted 

reservo

re 

e change is transferred to the matrix. In the limiting case of a 

cavity ( ), all of the pore pressure will be transferred to the matrix as a stress change, 

independent of Poisson’s ratio of the matrix. 

geneity, and positive beyond its lateral flanks. This means that, for the example of a 

depleted reservoir (i.e., 0P ) or a depressurized cavity, compressive stress changes will 

occur above and below the reservoir, while tensile stress changes will occur beyond its 

lateral flanks. 

The general form of the vertical arching ratio field is similar for all cases shown.

normalized val

ir, tensile stress changes will occur above and below the reservoir, while compressive 

stress changes will occur outside of its lateral flanks. From a comparison of Figures 3.15 and 

3.16 to Figures 3.17 and 3.18, it is apparent that the region of influence of pore pressu

change is greater for smaller values of Poisson’s ratio. In other words, during pore pressure 

change within the inhomogeneity, the stress change front propagates deeper into the matrix 

as Poisson’s ratio decreases. 

The results indicate that, with decreasing rigidity of the inhomogeneity, a greater 

proportion of the pore pressur

0R 

resulting in significant stress changes in the vicinity of the inhomogeneity. As can be seen 

from equations (3.76) and (3.93) and (3.94) the stress field in the matrix for a cavity is 
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Figure 3.15. Normalized horizontal stress arching ratio (H) field for an elliptical 
inhomogeneity with an aspect ratio of 0.5 and Poisson’s ratio of 0.2 for both the 
inhomogenity and the matrix.  Results for different shear modulus ratios are shown, as 
follows: (a) R=1.0 (i.e., homogenous inclusion), (b) R=0.5, (c) R=2.0 and (d) R=0 (i.e., 
the inhomogeneity is a cavity). 
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Figure 3.16. Normalized vertical stress arching ratio (V)  field for an elliptical 
inhomogeneity with an aspect ratio of 0.5 and Poisson’s ratio of 0.2 for both the 
inhomogenity and the matrix.  Results for different shear modulus ratios are shown, as 
follows: (a) R=1.0 (i.e., homogenous inclusion), (b) R=0.5, (c) R=2.0 and (d) R=0 (i.e., 
the inhomogeneity is a cavity). 
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Figure 3.17. Normalized horizontal stress arching ratio (H)  field for an elliptical 
inhomogeneity with an aspect ratio of 0.5 and Poisson’s ratio of 0.4 for both the 
inhomogenity and the matrix.  Results for different shear modulus ratios are shown, as 
follows: (a) R=1.0 (i.e., homogenous inclusion), (b) R=0.5, (c) R=2.0  and (d) R=0  (i.e., 
the inhomogeneity is a cavity). 
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Figure 3.18. Normalized vertical stress arching ratio (V)   field for an elliptical 
inhomogeneity with an aspect ratio of 0.5 and Poisson’s ratio of 0.4 for both the 
inhomogenity and the matrix.  Results for different shear modulus ratios are shown, as 
follows: (a) R=1.0  (i.e., homogenous inclusion), (b) R=0.5, (c) R=2.0  and (d) R=0  (i.e., 
the inhomogeneity is a cavity). 

Stress field discontinuities 

In Figures 3.19(a) to 3.19(d), the variation of normalized stress arching ratios along 

the horizontal centerline of an inhomogeneity of elliptical cross-section with an aspect ratio 

of 0.5 is shown. Similarly, Figures 3.20(a) to 3.20(d) show the variation of normalized 

arching ratios along the vertical centerline of such an inhomogeneity. Examination of these 

figures reveals that there are discontinuities in the vertical stress arching ratio ( )(V ) at the 

lateral boundaries of the inhomogeneity, and discontinuities in the horizontal stress arching 
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Figure 3.19. Variation of normalized stress arching ratios along the horizontal centerline of 
an elliptical inhomogeneity with an aspect ratio of 0.5 and uniform Poisson’s ratio 
throughout the matrix and the inhomogenity. (a) Vertical stress arching ratio for 2.0 , (b) 
horizontal stress arching ratio for 2.0 , (c) vertical stress arching ratio for 4.0  and (d) 
horizontal stress arching ratio for 4.0 . 
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Figure 3.20. Variation of normalized stress arching ratios along the vertical centerline of an 
elliptical inhomogeneity with an aspect ratio of 0.5 and uniform Poisson’s ratio throughout 
the matrix and the inhomogenity. (a) Vertical stress arching ratio for 2.0 , (b) horizontal 
stress arching ratio for 2.0 , (c) vertical stress arching ratio for 4.0  and (d) horizontal 
stress arching ratio for 4.0 . 
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ratio ( )(H ) at the top and bottom boundaries of the inhomogeneity. This behaviour is 

expected, given that there is a step change in pore pressure at the reservoir-matrix interface. 

In essence, induced stress components tangent to this interface will be discontinuous, 

whereas components normal to the interface will be continuous. 

These stress arching ratio discontinuities are controlled by the coefficients presented 

in equations (3.93) and (3.94). As shown in Figure 3.14,  is discontinuous along the 

vertical centerline,  is discontinuous along the horizontal centerline, and there is no 

discontinuity in . Figures 3.14 further shows that the magnitudes of these discontinuities 

in  and  are equal to 

HHN

VVN

HVN

VVHHN N )1/(2  . Additional analyses have indicated that this result is 

independent of reservoir aspect ratio. As such, using equations (3.93) and (3.94), the 

magnitude of the discontinuities in normalized stress arching ratios can be written as: 

**
)()( 1

2
)( VNHDis 


  

  

**
)()( 1

2
)( HNVDis 


  

  (3.98) 

In general cases,  and  can be found from equations (3.71). In the special 

case of a homogenous medium (i.e., 

**
)(HN

**
)(VN

1R ,  * ), using equation (3.75) we find the 

familiar expression (e.g., Goodier 1937): 


  




1

21
)()( )()( VH DisDis  (3.99) 

In the case of a cavity (i.e., ), using equation (3.76) we find: 0R

e
Dis H

2
)( )(   

eDis V 2)( )(   (3.100) 
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As a practical point, as mentioned  before, it should be noted that factors such as non-

linear or plastic deformation, and gradual pore pressure transitions between the reservoir and 

surrounding rocks, would likely act to diminish the magnitude and alter the characteristics of 

these discontinuities. 

3.6.2. Application of theory of inhomogeneities for ellipsoidal reservoirs in three 

dimensions 

The previously described methodology can be extended to find induced stress change 

for different variations of an ellipsoidal reservoir with different material properties from the 

surrounding rock. Below, arching ratios are given for the different variations of an ellipsoidal 

inhomogeneity. A summary of these solutions is given in Table 3.2. 

The generalized form of the results for a poroelastical elliptical reservoir with 

different material properties from its surrounding rock, under plane strain conditions (i.e., an 

inhomogeneity that is an elliptic cylinder) can be written as follows:  

41)( /
1

AAH   ; 42)( /
2

AAH   ;  43)( / AAV   (3.101) 

where )( 1H  and )( 2H  denote the in-plane and out-of-plane poroelastic normalized stress 

arching ratios, respectively, and: 

])]1)(1(2)43([)[21( 2*
2 eeeRRA     (3.102) 

For the case of a circular cylinder (i.e., e = 1), these equations reduce to the following: 

*

*

)(*

*

)()( 21

)21)(1(
;

21

21
21 













 








R

R

R HVH  (3.103) 

In the case of a sphere, the results are (as shown previously by Rudnicki, 1999)  

)21(2)1(

)21(2
**

*

)()()( 21 



 




RVHH  
(3.104) 
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And for an infinite layer: 

0;
1

21
)(*

*

)()( 21





 VHH  

  (3.105) 

Unfortunately, deriving such simple closed-form solutions is not easy for all different 

ellipsoidal geometries. However, it is possible to find solutions with some simplifications in 

modelling assumptions. Previously conducted sensitivity analyses (see  section 3.6.1) have 

shown that the values of stress arching ratios within reservoirs have only a weak dependency 

on Poisson’s ratio of the matrix. Therefore, an assumption of identical Poisson’s ratios in the 

inhomogeneity and the matrix (i.e.,  = *) can be used, without incurring a significant error. 

By considering this simplification, for any axisymmetric ellipsoidal inhomogeneity including 

an oblate or prolate geometry, the following closed-form solutions can be found for 

poroelastic normalized stress arching ratios: 

31)()( /
21

BBHH    , 32)( / BBV   (3.106) 

where: 

)())1(1)(1( 43121 XXRXRXB     (3.107) 

]2)1[(])1(1)[1( 34212 XXRXXRB     (3.108) 

]1)1()1)[(1( 21
2

3  XRXRB   (3.109) 

where X1, X2, and X3 are auxiliary variables which are functions of Eshelby tensor (see Table 

3.1), as follows: 

113333113333112211111 2)( SSSSSX   (3.110) 

3333112211112 SSSX   (3.111) 

113333333 SSX   (3.112) 
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3311112211114 2SSSX   (3.113) 

The relationships in equations (3.110) to (3.113) reduce to a more simplified form for a 

penny-shaped reservoir: 

31)()( /
21

CCHH    , 32)( /CCV   (3.114) 

where: 

 ]1)2([2)1(8)1)(1()21( 22
1    ReRReC  (3.115) 

]2)21(2)1)(1()[21(2    RReeC  (3.116) 

  2
3 )1(8)1)(43()]1)(1(2)[21()1(    RRReeRC  (3.117) 

Figure 3.21 shows the variation of normalized poroelastic horizontal and vertical 

stress arching ratios with respect to aspect ratio and shear modulus ratio for a reservoir 

shaped like an elliptical cylinder, and possessing the same Poisson’s ratio (0.2 in this case) as 

the surrounding rock. Figure 3.22 shows the same parameters for a reservoir with a prolate 

spheroid geometry. These figures show that the vertical stress arching ratio increases 

monotonically with increasing aspect ratio, whereas the horizontal stress arching ratio 

decreases monotonically with increasing aspect ratio only if shear modulus ratio is close to 

or greater than 1. In addition, it shows that both vertical and horizontal stress arching ratios 

decrease with increasing shear modulus ratio. An interesting fact in Figure 3.21 is the 

variation of the out-of-plane stress arching ratio ( )( 2H ) with respect to aspect ratio. From 

this figure, for a very small aspect ratio, )( 2H tends to be close to the value from equation 

(3.105) for an infinite layer, while with increasing aspect ratio it reaches a constant value 

which can be find from the formulation for a circular cylinder in equation (3.103). 

Similar to the theory of inclusions, equation (3.37) can be applied to transform 

poroelastic stress arching ratios to their analogous thermoelastic arching ratios.  

82 
 



 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)( 1H )(V

N
or

m
al

iz
ed

 s
tr

es
s 

ar
ch

in
g 

ra
tio

s

Aspect ratio (e)

1.0R

1.0R

5.0R

1R

2R

10R

)( 2H

 

Figure 3.21. Normalized poroelastic in-plane horizontal ((H1)), out-of-plane horizontal 
((H2) and vertical ((V)) stress arching ratios versus aspect ratio (e) for an elliptic cylinder 
(i.e., plane strain conditions). Poisson’s ratios of the reservoir and the matrix are both 0.2 for 
this case. 
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Figure 3.22. Normalized poroelastic horizontal ((H1)=(H2)) and vertical ((V)) stress 
arching ratios versus aspect ratio (e) for an oblate spheroid (i.e., axisymmetric solution) for a 
Poisson’s ratio (ν=ν*) of 0.2 when the material properties of the reservoir is different from 
the surrounding rock. 

3.7.  Summary and Conclusion 

A review of semi-analytical models for predicting induced stress changes in a 

poroelastic medium, including the theory of strain nuclei, the theory of inclusions, and theory 

of inhomgeneites has been presented. A definition of normalized poroelastic stress arching 

ratios has been introduced, and a simple relationship between thermoelastic and poroelastic 

stress changes has been presented, which enables the calculation of thermally induced stress 

changes using the formulations presented in this chapter for normalized poroelastic stress 

arching ratios. 
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Applying the theory of inclusions, semi-analytical solutions have been developed for 

induced stress changes in various classes of ellipsoidal reservoir geometries in a 

homogeneous, poroelastic full-space. New equations have been derived in this research for 

reservoirs with rectangular and elliptical cross-sections in a half-space under plane strain 

conditions. The equations given include solutions for reservoirs that are both horizontal and 

inclined (dipping) in the plane of the cross-section. Normalized stress arching ratios 

calculated using these equations have been charted for different reservoir geometries and 

depths using dimensionless parameters.  

Using Eshelby’s theory of inhomogeneities, the problem of a poroelastic 

inhomogeneity of elliptical cross-section under plane strain conditions in an infinite matrix 

has been solved explicitly. Closed-form expressions for the induced stress field within a 

reservoir have been derived. The values of stress arching ratios in the rock surrounding a 

reservoir have been found by numerical integration. Furthermore, Eshelby's theory of 

inhomogeneities has been used to develop closed-form solutions for various classes of 

ellipsoidal reservoir geometries in a homogeneous, poroelastic full-space. 

It has been shown that induced stress changes within a reservoir are sensitive to its 

aspect ratio (height/width), but not its absolute size. Sensitivity analyses indicate that 

induced vertical stresses increase as the reservoir becomes more equi-dimensional in cross-

section. Induced horizontal stresses decrease as the reservoir becomes more equi-

dimensional in cross-section, except for cases where the shear modulus of the reservoir is 

less than the surrounding rock. Vertical and horizontal induced stresses both decrease as the 

reservoir:matrix shear modulus ratio increases. Vertical and horizontal induced stresses 

increase as the Poisson’s ratio of the reservoir decreases. The Poisson’s ratio of the matrix 

has limited effect on induced stresses. As such, it will usually be acceptable to make use of 

the simplifying assumption that the matrix and the inhomogeneity have identical Poisson’s 

ratios. 

It has been shown that the full-space plane strain solution is reasonably accurate in 

settings where reservoir depth and lateral extent are similar in magnitude, especially for 

reservoirs that are relatively thin (i.e., with an aspect ratio less than 0.2). Further, regardless 
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of reservoir thickness, the full-space plane strain solution is virtually exact when reservoir 

depth is at least five times greater than lateral extent.  

Compressive and tensile stress changes can occur in either the vertical or horizontal 

directions above, below and to the sides of the reservoir depending on the sign of the pore 

pressure change. With decreasing rigidity of the reservoir, the magnitude of induced stress 

changes in the matrix increases. 

The solutions presented in this chapter will be useful for analyses of fault reactivation 

and induced shear fracturing in caprocks, borehole instability and sand production risks, well 

casing failures and hydraulic fracturing operations in reservoirs affected by fluid extraction 

or injection. Also, these solutions could easily be modified to predict both poroelastic and 

thermally-induced stresses around reservoirs or cavities, which would prove useful for 

applications such as nuclear waste disposal, subsurface fluid disposal, greenhouse gas 

sequestration and enhanced recovery of oil by thermal methods. The following chapters will 

focus on fault reactivation and induced fracturing due to pore pressure change. 
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Chapter 4 

Fault reactivation due to reservoir pressure change 

 

 

4.1. Introduction 

To safely and effectively design, operate and monitor injection or production projects 

in porous reservoirs, it is essential to assess the likelihood of fault reactivation which may 

lead to leakage from the reservoir, earthquakes or ground movements. This chapter 

investigates the assessment of fault reactivation tendency within and surrounding reservoirs 

during fluid injection or production. Induced stress analysis is performed using Eshelby’s 

theories of inclusions and inhomogeneities for a poroelastic material (as explained in Chapter 

3), and the concept of Coulomb Failure Stress Change is implemented as a criterion for fault 

reactivation tendency. The intention of this chapter is to provide relatively straight-forward 

solutions to be applied either for studying the general patterns of fault reactivation, or site-

specific fault reactivation studies in the cases where reservoir geometry is reasonably 

approximated by the idealized geometries underlying these solutions. Different 

methodologies are developed to study fault reactivation, including  identifying the likely 

regions for reactivation for a specific fault in a field, the range of fault dip angles that tend 

towards reactivation, and the critical pressure change for fault reactivation. The critical 

pressure change for fault reactivation is calculated for the entire field while induced stress 

change was calculated using a plane strain solution. In addition, critical pressure change for 

fault reactivation within a reservoir is calculated when a 3D induced stress change solution is 

available. Sensitivity analyses are performed which investigate the effect of different 

parameters such as the geometry and material properties and fault characteristics on fault 
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reactivation. A detailed study is conducted to study fault reactivation within reservoirs. 

Results are given in the forms of tables and graphs for different in-situ stress regimes.  The 

solutions have been cast in dimensionless form, and are useful thus for a broad range of 

conditions.  

In this chapter, fault reactivation is studied only in a shear failure mode, with the 

conservative assumption of zero cohesion (i.e., the possibility that the mineralization of fault 

gouge may result in fault rock with non-zero cohesion has been neglected). Figure 4.1 shows 

a comparison of a zero-cohesion failure criterion for a fault and a failure criterion for intact 

rock (i.e., a criterion possessing components of cohesive and frictional strength). The failure 

criterion for intact rock represents the upper limit on permissible stress states in a given rock. 

If the rock contains a fault that is optimally oriented for failure, the lower bound on 

permissible stress states is governed by the fault’s failure criterion. For a non-optimally 

oriented fault with dip angle θ, the stress state at failure (i.e, shown in Figure 4.1 as the 

intersection of the fault’s failure criterion and the radius of Mohr circle which is oriented as 

angle of 2θ from the σ´ axis) will be intermediated between aforementioned limits.  

As a final point on this topic, it is worth noting that Biot’s coefficient may have 

different values in intact rock and fault rock, though this scenario has not been pursued in 

this research.  

Fault reactivation
in a shear mode

2
 



R

Rc

Fault reactivation in  
a fault rock 
breakage mode



2θ

Shear fracturing in 
intact rock 

 

Figure 4.1. Different modes of shear failure fault reactivation and induced fracturing of intact 
rock. R and cR, respectively, are friction angle and cohesion of intact rock and  is the 
friction angle of the fault surface. 
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4.2. Coulomb Failure Stress concept 

In order to facilitate assessment of fault reactivation for a general range of scenarios 

(e.g., for faults of varying dip that are located both within and outside of the reservoir), the 

Coulomb Failure Stress Change method has been developed. The Coulomb Failure Stress 

(CFS) is defined as follows (e.g., King et al., 1994): 

nsCFS    (4.1) 

where   and n , respectively, are shear and effective normal stress on the fault plane and 

s is the coefficient of friction in the fault plane (i.e., = tan ). A fault plane is believed to be 

activated when CFS is equal to or greater than zero (Figure 4.2). 

In a production or injection scenario, wherein stress changes have been induced, the 

change in Coulomb Failure Stress can be evaluated as (Figure 4.2): 

nsCFS    (4.2) 

where   and n  , respectively, are induced changes of shear and effective normal stress 

on the fault plane. The sign of   is positive when it points in the same direction as the 

initial shear stress on the plane. The sign of n  is positive for an increase in compressive 

stress. As such, a positive  indicates a tendency towards fault reactivation. CFS CFS  

values as small as 0.1 MPa have been found to induce seismic activity in faulted settings 

where initial CFS values are close to zero (e.g., King et al., 1994). 
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Figure 4.2. Definition of the concept of Coulomb Failure Stress change 

In order to achieve a more general, dimensionless characterization of fault 

reactivation risk, a new parameter called “fault reactivation factor” () is defined here as 

follows: 

P

CFS







  (4.3) 

To derive specific forms of  for normal and thrust fault stress regimes, we start by 

considering an element of rock which is in a state of static equilibrium, subject to induced 

horizontal and vertical effective stress changes H   and V   under plane strain conditions. 

To make this derivation completely general, the presence of an induced shear stress change 

HV  is also considered. Using stress equilibrium equations to calculate the shear stress 

change (  ) and effective normal stress change ( n  ) on a fault plane dipping at an angle 

  from horizontal (see Figure 4.3), and substituting into equations (4.2), (4.3), the following 

general expressions are found for a normal and thrust fault stress regime for plane strain 

stress conditions: 
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Figure 4.3. Induced stress changes in a reservoir resolved on a fault plane (a) in a normal 
fault stress regime, and (b) in a thrust fault stress regime. Shear stress arrows on the fault 
planes denote the direction of positive shear stress change for each fault type. 
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 (4.4) 

where: 

θ = fault dip angle 

γα(H)   = normalized horizontal stress arching ratio 

γα(V)   = normalized vertical stress arching ratio 

γα(HV) = normalized shear stress arching ratio 

δF      = stress regime index; 

         = 1 for a normal fault stress regime 

                     = -1 for a thrust fault stress regime 

δD     = fault dip direction index; 
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         = 1 for faults dipping towards to the bottom left corner of the cross-sectional 
analysis plane 

          = -1 for faults dipping towards to the bottom right corner 

δL = location index  

                      = 1 within the reservoir  

         = 0 within the surrounding rock. 

4.3. Patterns of fault reactivation tendency in the entire field 

The change in fault reactivation potential for a reservoir during depletion or injection 

can be assessed by evaluating the fault reactivation parameter ( ) using equation (4.4). This 

procedure is demonstrated here for two cases: (1) a horizontal rectangular reservoir, and (2) a 

“tilted” (i.e., dipping) rectangular reservoir. For both cases, the following reservoir geometry 

was used: centre-depth (D) = 4 km; reservoir width (2a) =  4 km; and thickness (T) = 200 m. 

As such, the depth number ( ) is 0.50, and the aspect ratio ( e ) is 0.05. Further, Poisson’s 

ratio and Biot’s coefficient of the rock were set at 0.2 and 1.0, respectively. The theory of 

inclusions, as described in the previous chapter, was used for induced stress change analysis 

and determination of stress arching ratios.  

n

4.3.1. Fault reactivation tendency for a horizontal reservoir 

Figures 4.4 and 4.5 show contour plots of  for the horizontal reservoir case, for two 

different stress regimes. For the output shown in Figure 4.4, a normal fault stress regime was 

considered, with faults dipping by 60° from horizontal and having a friction coefficient ( s ) 

of 0.6 (i.e., a friction angle of roughly ). It can be seen in Figure 4.4(a) that, during 

depletion, there is a tendency towards normal fault reactivation in the rock near the lateral 

flanks of the reservoir. [Note: Recall that P is negative for depletion. So, according to 

equation (4.3), a negative value for  during depletion corresponds to a positive CFS.] 

Figure 4.4(b) shows that there is a tendency towards fault reactivation with depletion within 

the central portion of a horizontal, rectangular reservoir. For the output shown in Figure 4.5, 

a thrust fault stress regime was considered, with faults dipping by 30° from horizontal and  

30
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Figure 4.4. Distribution of fault reactivation factor in a normal fault regime ( Normal ) for a 

horizontal rectangular reservoir with a fault dip angle of 60° (a) for the entire field, and (b) 
within the reservoir. (n = 0.5; e = 0.05;  = 0.2) 
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Figure 4.5. Distribution of fault reactivation factor in a thrust fault regime ( Thrust ) for a 

horizontal rectangular reservoir with a fault dip angle of 30° (a) for the entire field, and (b) 
within the reservoir. (n = 0.5; e = 0.05;  = 0.2) 
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having a friction coefficient of 0.6. It can be seen in Figure 4.5(a) that, during depletion, 

there is a tendency towards thrust fault reactivation in the rocks above and below the 

reservoir. Figure 4.5(b) shows that there is no tendency towards fault reactivation with 

depletion anywhere within the reservoir. [Note: If the same reservoir was considered for an 

injection scenario (i.e., positive P), Figure 4.5(b) would indicate a tendency towards fault 

reactivation everywhere within the reservoir.] 

4.3.2. Fault reactivation tendency for a tilted reservoir 

Results for a reservoir with a 30° dip angle are shown in Figures 4.6 and 4.7 for 

normal and thrust fault stress regimes, respectively, with the same fault orientations and 

friction coefficient as the previous examples. Clearly, the dip of the reservoir has a 

significant impact on the location of faults that are most prone to reactivation. For the normal 

fault stress regime, the increase in fault reactivation potential with depletion is most acute 

above the left end and below the right end of the reservoir. No depletion-induced increase in 

fault reactivation potential is predicted within the reservoir. For the thrust fault stress regime, 

the depletion-induced increase in fault reactivation potential is most acute above the right 

end and below the left end of the reservoir. No depletion-induced increase in fault 

reactivation potential is predicted within the reservoir. 

These results demonstrate the importance of accounting for the actual reservoir 

geometry when assessing fault reactivation location and potential. Previous induced 

seismicity analyses have often been conducted using idealized geometries such as laterally 

infinite or axisymmetric reservoirs (e.g., Segal et al., 1994; Zoback and Zinke, 2002), even 

though the reservoirs are often anticlinal structures or tilted fault blocks. In the assessment of 

caprock integrity in depleted reservoirs, or the selection of safe upper limits on injection 

pressure during enhanced recovery or sequestration operations, it is important to account for 

the real geometry of the reservoir. 
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Figure 4.6. Distribution of fault reactivation factor in a normal fault regime for a rectangular 
reservoir dipping by 30°, calculated for a fault dip angle of 60° (a) for the entire field, and (b) 
within the reservoir. (n = 0.5; e = 0.05;  = 0.2) 
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Figure 4.7. Distribution of fault reactivation factor in a thrust fault regime for a rectangular 
reservoir dipping by 30°, calculated for a fault dip angle of 30° (a) for the entire field, and (b) 
within the reservoir. (n = 0.5; e = 0.05;  = 0.2) 
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4.4. Effect of friction coefficient on potential regions for fault reactivation  

The precise value of a fault surface’s friction coefficient (μs) is one of the 

uncertainties in fault reactivation analysis. One useful application of the methodology 

described above is to study the sensitivity of the potential regions for fault reactivation to the 

value of μs. Byerlee (1978) suggests that values of the friction coefficient vary between 0.65 

to 0.8 for natural sliding surfaces in a broad range of rocks; however, there are known to be 

some faults with lower frictional strengths (e.g., Morrow et al., 1992). For the sake of 

generality, a broad range of friction coefficients, between 0.4 to 0.8 (as used by Hawkes et 

al., 2005) is considered for the sensitivity analyses presented in this paper. Figures 4.8(a) and 

4.8(b) show the positions of the boundary lines which separate the likely regions for 

reactivation and stabilization (i.e., the λ = 0 contour lines) for μs values of 0.4, 0.6 and 0.8. 

Figures 4.8(a) and 4.8(b) were generated for the same reservoir geometry, fault dip angles 

and dip directions, and material properties as Figures 4.4 and 4.5, respectively.  

The shaded areas in Figures 4.8(a) and 4.8(b) denote the region within which this 

boundary position varies as the friction coefficient varies from 0.4 to 0.8. Compared to the 

dimensions of the reservoir and the cross-sectional plane of interest, the friction coefficient 

has a relatively modest effect on the boundaries of regions tending towards reactivation. 

Therefore, assuming an average μs value of 0.6 may be suitable for the purpose of identifying 

likely regions for fault reactivation with reasonable accuracy for most faults. It is important 

to note, however, that the friction coefficient is a very sensitive parameter when predicting 

the magnitude of critical pressure (hence stress) change required to reactivate a fault.  

4.5. Identifying critical fault dip angles within and surrounding a reservoir  

The methodology presented above for identifying the regions tending towards fault 

reactivation for a prescribed dip angle may be extended to a more general methodology that 

accounts for all dip angles using the criterion λ = 0 (i.e., ΔCFS = 0) to identify the boundary 

between regions of fault reactivation and stabilization. It is thus possible to predict the range 

of fault dip angles at any point in the cross-sectional plane of analysis that tend towards  
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(b) 

Figure 4.8. Variation in the position of fault reactivation boundary line (λ = 0) due to the 
change in friction coefficient (μs) for the rectangular reservoir analyzed in Figure 4.4 and 4.5 
for (a) faults dipping at 60° in a normal fault stress regime, and (b) faults dipping at 30°  in a 
thrust stress regime. For both figures, faults are dipping towards to the bottom left corner of 
the cross section. 

reactivation. Solving equation (4.4) for λ = 0 results in the following equation for critical 

fault dip angle (θ): 

0tantan 2  QNM   (4.5) 
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where:  












RQ

RRN

RRM

DFs

DsF

FDs





2)1(  (4.6) 

In this equation, Rσ is the stress path ratio which has been defined previously (Khan et al., 

2000; Schutjens et al., 2001) as the ratio of the horizontal effective stress change to the 

vertical effective stress change (see equations (2.5) and (3.9)): 
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and Rτ is the shear stress path ratio, which is defined here as the ratio of shear stress change 

to the vertical effective stress change:  
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The roots of equation (4.5) can be used to verify the sign of λ (or ΔCFS) as shown by a 

flowchart given in Figure 4.9. This flowchart provides the range of fault dip angles (i.e., 

θmin< θ <θmax) where fault reactivation factor (λ) is negative. λ is positive for fault dip angles 

outside of this range. Therefore, any fault with a dip angle within this range has a tendency 

towards reactivation during production and towards stabilization during injection. In 

contrast, any fault with a dip angle outside of this range has a tendency towards stabilization 

during production and towards reactivation during injection. There is one special case (which 

is denoted by the bottom right box in Figure 4.9) for which the fault reactivation factor is 

negative over two ranges of dip angle. For this case, these two ranges are denoted θmin - θmax 

and θ΄min - θ΄max. The occurrence of this special case is rare for analyses of the type presented 

in this chapter, in which induced stress changes have been predicted using the theory of 

inclusions. 
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Finding roots by solving the following equation:    
M tan2θ+ N tanθ+Q=0
If there is no root, both roots are considered to be zero, if any root 
is less than zero it must be considered zero. As a result we have 
two roots: θ1 and θ2 where θ1<θ2. If M=0, there is just one root: θ0
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Figure 4.9. Procedure for the sign determination of the fault reactivation factor (λ). 

Figures 4.10 and 4.11 demonstrate applications of this method for the rectangular 

reservoir analysed in Figures 4.4 and 4.5. These figures show the values of θmin and θmax as 

contour maps, respectively, for normal and thrust fault stress regimes. For both examples, 

faults are considered to be dipping towards to the bottom left corner of the cross section (i.e., 

δD = 1).  
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(b) 

Figure 4.10. Contour maps for (a) θmin and (b) θmax for the rectangular reservoir analyzed in 
Figures 4.4 to 4.7, in a normal fault stress regime for faults which are dipping towards to the 
bottom left corner of the cross section 
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(b) 

Figure 4.11. Contour maps for (a) θmin and (b) θmax for the rectangular reservoir analyzed in 
Figures 4.4 to 4.7, in a thrust fault stress regime, for faults which are dipping towards to the 
bottom left corner of the cross section. 
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Figures 4.10 and 4.11 can be used to identify the range of fault dip angles which tend 

towards reactivation at any location throughout the cross section. For instance, for a normal 

fault stress regime, at point A (Figures 4.10(a) and 4.10(b)), θmin =0 and θmax=60°. This 

means that faults passing through this point and having dip angles between 0 and 60° will 

tend towards reactivation during production, while faults with dip angles more than 60° tend 

towards stabilization. Similarly, at point B (Figures 4.11(a) and 4.12(b)), θmin =0 and 

θmax=30°. Therefore, in a thrust fault stress regime, faults with dip angles in the range of 0 to 

30 ° tend towards reactivation during production, while faults with dip angles more than 30°  

tend towards stabilization. In both cases, the faults behave in the exact opposite sense during 

injection. 

4.6. Fault reactivation within a reservoir 

In this section, methodologies are developed to study fault reactivation tendency 

within reservoirs. Similar to the previously discussed solutions for the entire field, using a 

Coulomb failure criterion for fault surfaces and poroelastic models for induced stress 

changes, fault reactivation within reservoirs is investigated to: (1) identify the reactivation 

tendency of a fault of known dip angle; and (2) determine the range of fault dip angles which 

are likely to reactivate during production or injection.  

To illustrate the use of effective stress changes on fault reactivation potential, 

consider the case of a reservoir in which the initial and induced stress changes in the vertical 

and horizontal directions are principal stresses. Figures 4.12(a) and 4.12(b) demonstrate the 

process of induced stress change leading to fault reactivation in a normal and in a thrust 

stress regime, respectively. The induced shear stress change within the reservoir has been 

considered as zero. This assumption is consistent with the induced stress models presented in 

the previous chapter.  

For a setting with a normal fault stress regime (i.e., HV   ), Figure 4.12(a) 

illustrates a plausible effective stress path within a reservoir that has been pressure depleted. 

Due to the large increase in vertical effective stress relative to the effective horizontal stress  
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Figure 4.12. Mohr-circle representation of stress changes resulting in fault reactivation for 
(a) a normal fault within a reservoir during depletion, and (b) a thrust fault within a reservoir 
during injection. Index a denotes “after change in pore pressure” and index b denotes “before 
change in pore pressure”.   denotes fault dip angle. 

change, the Mohr circle for the resultant effective stress state exceeds the fault’s failure 

criterion. For the normal fault illustrated in this example, reactivation would occur. 

For a setting with a thrust fault stress regime (i.e., HV   ), Figure 4.12(b) illustrates 

a plausible effective stress path within a reservoir that is undergoing injection. Due to the 

large decrease in vertical effective stress relative to the effective horizontal stress change, the 

Mohr circle for the resultant effective stress state exceeds the fault’s failure criterion, and 

fault reactivation would occur. 

4.6.1. Likelihood of reactivation tendency for a fault of known dip angle 

The mechanics of fault reactivation can be depicted graphically in a coordinate 

system with effective vertical stress (σ΄V) on the x-axis and effective horizontal stress (σ΄H) 

on the y-axis (Figure 4.13).  

The slope of a Coulomb failure criterion in a  σ΄H- σ΄V coordinate system for a fault 

with dip angle θ can be derived from the traditional representation of such a problem in a 

Mohr coordinate system (σ΄-τ). The stress state when a fault in a normal fault stress regime is 

reactivated is shown in Figure 4.14. With reference to this figure, the values of shear and 

normal stresses in the fault plane at failure can be calculated as: 
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Figure 4.13. Coulomb shear failure envelopes for thrust and normal fault stress regimes in a 
σH΄- σV΄ coordinate system. 
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Figure 4.14. Mohr circle representation of stress state of a reactivated fault within a reservoir 
with a normal fault stress regime. 
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 2sin])())[(2/1()( fHfVf
  (4.9) 

   2cos])())[(2/1(])())[(2/1( fHfVfHfVfn
  (4.10) 

Substituting these values in cohesionless Coulomb failure criterion (i.e., τ =μsσ΄), 

after a series of mathematical manipulations it can be shown that: 

    )tan1/())(tantan/1(/  ssfVfH   (4.11) 

A simpler form of this equation may be derived using the definition of internal 

friction angle (i.e., tan= μs) and the trigonometric formula for the tangent of reduction of 

two angles (i.e., tan(α-β) = (tanα-tanβ)/(1+tanα·tanβ)), as follows: 

     tan/)tan(/ 
fVfH  (4.12) 

A similar derivation may be used to obtain the analogous equation for a thrust fault 

stress regime: 

     tan/)tan(/ 
fVfH  (4.13) 

Using stress regime index (δF), both of equations (4.12) and (4.13) may be written as 

a single equation, as follows: 

     tan/)tan(/ FfVfHR          (4.14) 

Figure 4.13 illustrates this concept for both normal and thrust fault stress regimes and 

explains how the most critical failure envelope occurs when the fault is optimally oriented 

with respect to the in-situ stresses and the fault friction angle. In this case, the fault dip angle 

is equal to 45◦ + δF· / 2 with respect to the horizontal axis and equation (4.14) reduces to:  

)2/45(tan 2
)(  FOptR   (4.15) 
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The evolution of the stress state in a σ΄H- σ΄V coordinate system can be expressed 

using the stress path ratio (Rσ, see equation (4.7)). Stress path ratio can be interpreted as an 

indicator for the change in absolute value of the deviatoric stress (i.e., (Δσ′V- Δσ′H)F ) within 

a reservoir. In fact, by increasing Rσ the absolute value of change in deviatoric stress 

decreases, because the change in stress state becomes less anisotropic, while by increasing Rσ  

it becomes more anisotropic. Mathematical models (provided in the previous chapter) 

confirm the intuitive expectation that, for production/injection within hydrocarbon 

reservoirs, the change in horizontal total stress is always greater than the change in vertical 

total stress (i.e., γα(H) > γα(V)). Therefore, the stress path ratio is limited to a range between 

zero and one.  

Figure 4.15 illustrates all of the plausible scenarios of stress change paths for both 

normal and thrust fault stress regimes. Apparently, given that the inequality Rσ < 1 < Rθ 

always holds true for a thrust fault stress regime, injection will always favour fault 

reactivation, while production will favour fault stabilization, independent of fault dip angle. 

This condition will hold true, unless the magnitude of reservoir pressure depletion is high 

enough to change the stress regime from thrust to normal.  

For a normal fault stress regime, two scenarios are possible. 1. When Rσ > Rθ, production 

will favour the stabilization of a fault, while injection will favour reactivation. 2. However, 

when Rσ < Rθ, production will favour reactivation of a fault, while injection will favour 

stabilization, unless the reservoir pressure increase during injection is large enough to change 

the stress regime from a normal to thrust. 

The described methodology can be easily used to determine the tendency towards 

reactivation (or stabilization) for faults of known dip angle during production or injection in 

either thrust or normal fault stress regimes. 
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Figure 4.15. Portrayal of different plausible stress paths during injection and production for 
normal and thrust fault stress regimes.  
 

4.6.2. Estimation of the range of fault dip angles that tend towards reactivation 

In a case where induced shear stress change within a reservoir is zero, equation (4.4) 

can be rewritten as:  

)cos(sincos)1()sin(cossin)1( )()(   sFVFsFHF   (4.16) 

Solving equation (4.16) for λ=0, we find the following equation for identifying this threshold 

for fault reactivation tendency: 
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0tan)1(tan 2  sFs RR    (4.17) 

Once the values of the stress path ratio have been determined, whether using the models 

provided in Chapter 3 or some other stress change model, equation (4.17) can be used to 

evaluate the range of dip angles over which there is a tendency towards (or away from ) fault 

reactivation.  

Figure 4.16 shows the solution of equation (4.21) for different values of stress path 

ratio and fault friction coefficient, for a normal fault stress regime. In Figure 4.16, for a given 

stress path ratio, the upper and lower curves bound the range of fault dip angles for which the 

fault reactivation factor is negative. Outside this range, the fault reactivation factor is 

positive. Using the convention that pore pressure change during production is negative, faults 

with dip angles within this range will tend towards reactivation during production. Similarly, 

faults with dip angles outside of this range will tend towards fault reactivation during 

injection. Stating these results in terms consistent  
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Figure 4.16. Range of fault dip angles which tend towards reactivation as a function of stress 
path ratio, for different fault friction coefficients, in a normal fault stress regime. 
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with the previous section, Rσ < Rθ for the dip angles within the appropriate curve in Figure 

4.16, and Rσ ≥ Rθ  outside of this range. 

Figure 4.16 also shows that an increase in stress path ratio indicates a reduced 

tendency towards fault reactivation for a normal fault stress regime. This might be physically 

interpreted based on the relationship between stress path ratio and the deviatoric stress 

change. Increasing Rσ indicates a decrease in deviatoric stress change, and as expected, less 

deviatoric stress change (which means less shear stress on the fault plane) leads to a decrease 

in tendency towards fault reactivation. 

Solving equation (4.17) for the sensible values of Rσ (i.e., between zero and one) in a 

thrust fault stress regime gives no real roots, which indicates that the value of the fault 

reactivation factor is always positive for faults in a thrust fault stress regime independent of 

their dip angles. Therefore, there is a tendency towards reactivation during injection and 

towards stabilization during production for any fault within a reservoir with such a stress 

regime. This is consistent with the results discussed in the previous section; i.e., the 

inequality Rσ < 1 < Rθ always holds true in a thrust fault stress regime. 

4.6.3. Determination of stress path ratio 

The preceding sections demonstrated the significant role played by stress path ratio in 

determining the reactivation tendency of a fault during pore pressure change. From equations 

(4.7), this parameter is a function of induced horizontal and vertical stress changes within the 

reservoir.  

In the following sections, expressions for stress path ratio will be proposed for two 

different poroelastic models, both of which are based on a reservoir of elliptical cross section 

under plane strain condition.  

Homogeneous half-space 

As shown in the previous chapter, normalized stress arching ratios in homogeneous 

half-space are functions of aspect ratio (e = maximum reservoir thickness/reservoir width), 
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reservoir depth (parameterized as depth number n = reservoir half-width/reservoir depth) and 

Poisson’s ratio. The arching ratios were further shown to be constant throughout such a 

reservoir, provided it is sufficiently deep (i.e., n ≤ 0.1) or thin (i.e., e ≤ 0.2), and pore 

pressure change is uniform throughout it. By virtue of being a direct function of horizontal 

and vertical arching ratios, the stress path ratio (Rσ) would be also constant throughout such a 

reservoir. 

Using the results of induced stress change analysis in a half-space, the variation of Rσ with 

reservoir aspect ratio is shown in Figure 4.17 for different values of depth number and 

Poisson’s ratio. Clearly there is limited sensitivity to depth number for small values of the 

reservoir aspect ratios (e ≤ 0.4), which are relatively common for reservoirs. 
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Figure 4.17.  Variation of stress path ratio (Rσ) with reservoir aspect ratio (e) for different 
depth numbers (n) and different Poisson’s ratios (ν) for an infinitely long reservoir of 
elliptical cross section in a homogenous half-space. 
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Hence, it will often be possible to evaluate Rσ using the relatively simple stress arching ratio 

solutions that have been derived for plane strain reservoirs in a full-space. Using equation 

(3.34), Rσ can be calculated as: 

)1/()( eeeR    (4.18) 

Based on equation (4.18) or Figure 4.17, the value of Rσ increases (i.e., the deviatoric 

stress change decreases) with increasing  reservoir aspect ratio (e), which  leads to an 

decrease in the likelihood of fault reactivation. Therefore, during production, there is a 

greater tendency towards reactivation for a given fault within a thin reservoir (i.e., with small 

aspect ratio) compared to the same fault in a thick reservoir (i.e., with high aspect ratio).  

Inhomogeneous full-space 

Explicit solutions for ellipsoidal inhomogeneities derived in the previous chapter for 

a full-space are reasonably accurate for reservoirs of finite depth (in a similar fashion to the 

homogeneous reservoir solution, as demonstrated in the previous section). For a plane strain 

solution, using equations (3-82), the value of Rσ within the reservoir can be written as: 

)/()( 3414 AAAAR   (4.19) 

The upper bound for Rσ corresponds to the special case of a laterally infinite 

reservoir. In such a case, Rσ is independent of  Rμ and it can be found as: 

)1/( **  R  (4.20) 

The lower bound corresponds to the case of a circular reservoir, for which Rσ = 1.0. 

To simplify analyses, it is useful to take advantage of the fact that Poisson’s ratio of 

the rock surrounding the reservoir does not have a significant effect on the stress arching 

ratios. Hence, it is acceptable to proceed using the assumption that ν = ν*. 

Figure 4.18 shows the variation of stress path ratio as a function of shear modulus 

ratio and aspect ratio for a value of Poisson’s ratio equal to 0.2. These results indicate that  
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Figure 4.18. Variation of stress path ratio (Rσ) as a function of aspect ratio (e) and shear 
modulus ratio (Rμ) for Poisson’s ratio: ν= ν* = 0.2. 

the stress path ratio increases (i.e., deviatoric stress change decreases) with increasing shear 

modulus ratio. Therefore, reactivation is less likely within relatively rigid reservoirs during 

production in comparison with softer reservoirs. 

A significant point related to the effect of modulus ratio on induced stress change and 

fault reactivation tendency is the fact that reservoir stiffness may vary over the operating life 

of a reservoir. For example, as a reservoir consolidates during depletion its rigidity may 

increase, especially for high porosity reservoirs. In such cases, the stress path ratio, and the 

rate at which a fault approaches reactivation or stabilization, will change during pressure 

depletion. Furthermore, depending on the pre-consolidation history of a reservoir, it’s 

stiffness during injection may be notably larger that its stiffness during production.  

Special case: Fault reactivation within a laterally infinite reservoir 

To simplify analyses of reservoir stress-depletion response and fault reactivation risk, 

it is common to consider reservoirs as laterally infinite in extent; i.e., e = 0 (e.g., Streit and 
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Hillis, 2002; Zoback and Zinke, 2002; Hawkes et al., 2005). Analysis of this special case is 

demonstrated here, in order to find the range of fault dip angles favourable for reactivation in 

normal and thrust fault stress regimes. 

In this special case, Rσ can be found from equation (4.20), and then substituted into 

equation (4.17) to evaluate the range of fault dip angles that tend towards reactivation. Figure 

4.19 illustrates the solution of equation (4.17) for a normal fault stress regime, for several 

values of Poisson’s ratio. An important general result that is demonstrated in Figure 4.19 is 

the following: For smaller values of Poisson’ ratio there is a wider range for fault dips that 

tend towards reactivation during production in a normal fault stress regime. This is expected. 

In essence, the horizontal effective stress decreases more rapidly as Poisson’s ratio 

decreases. Given that the vertical effective stress is insensitive to Poisson’s ratio, a smaller 

Poisson’s ratio results in a larger deviatoric stress.  

In the case of a thrust fault stress regime for the idealized reservoir analyzed above, 

there are no real roots for equation (4.17), so the sign of fault reactivation factor (λ) is always 

positive. Consequently, for all possible fault dip angles, there is a tendency towards fault 

reactivation during injection. Conversely, no faults will tend towards reactivation during 

production. 

4.7. Critical reservoir pressure change for fault reactivation 

To ensure safe production from and injection into a reservoir, it is important to know 

the critical pressure changes (i.e., maximum pressure change during depletion or injection) 

which may lead to reactivation of existing faults in the field. This section introduces 

methodologies to identify critical pressure change for reactivation of faults in a field with 

poroelastic material behaviour.  

Based on the Coulomb failure criterion shear on a fault plane occurs when: 

s
n

s 






 or  0 nss   (4.21) 
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Figure 4.19. Range of fault dip angles that tend towards reactivation during depletion of a 
laterally infinite reservoir in a normal fault stress regime. 

where τs and σ′n are shear stress, effective normal stress, on the fault plane, respectively. In 

terms of induced stress changes, where the ambient shear and normal effective stresses, 

respectively, are τs0 and σ′n0 and the changes in these stresses during reservoir pressure 

change, respectively, are Δτs and Δσ′n, equation (4.21) can be written as:  

0)()( 00  nssnss   (4.22) 

Following, equations (4.22) are solved to find critical pressure change for: (1) faults 

in the entire field with a plane-strain induced stress solution and either a normal or a thrust 

fault stress regime; and (2) faults within the reservoir with a three-dimensional stress 

solution and an arbitrary stress regime 

4.7.1. Critical pressure change for fault reactivation in the entire field with a plane 

strain solution  

In practice, the vertical stress in most reservoir settings is a principal stress 

component; this means that there is no shear stress acting on the horizontal plane (and vice 

versa). As such, τHV = 0. Under such conditions, for a fault with a dip angle of θ, the initial 
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shear and normal stresses on the fault plane can be written using stress transform 

formulations as follows: 




 2sin
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00
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 VH

Ds  (4.23) 
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where σH0 and σV0, respectively, are horizontal and vertical ambient stresses. The sign 

convention for shear stresses used here specifies that shear stress is positive when the couple 

of shear stresses affecting on opposite sides of a rectangular element tend to rotate it in a 

counterclockwise direction.  The normal stress is assumed to be positive if it is compressive 

and negative if it is tensile.  

In a general form equations (4.23) and (4.24) can be written as: 

00 Pss   (4.25) 

00 Pnn   (4.26) 

where P0 is ambient pore pressure and Ψs and Ψn are dimensionless parameters, defined as 

follows: 

)2/(2sin)1( 0 pDs K    (4.27) 

1]2cos)1()1))[(2/(1( 00   KKpn  (4.28) 

where K0 is the lateral pressure coefficient (i.e., =Ambient horizontal total stress/Ambient 

vertical total stress) and λp is an over-pressuring degree ratio which is defined as follows 

(e.g., Zoback, 2007):  

00 / Vp P    (4.29) 
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In a homogenous field with a rock bulk density of Gs, the value of λp simply equals 1/Gs 

when the pore pressure regime is hydrostatic.   

Using stress transform formulations, the changes in shear and normal stresses (i.e., 

Δτs and Δσ′n) can be written as: 
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where ΔσH, ΔσV and ΔHV, respectively, indicate changes in horizontal effective, vertical 

effective and shear stresses. By some mathematical manipulation of equations (4.30) and 

(4.31), changes in shear and normal stresses can also be written in the following form: 

)()( Pss     (4.32) 

)()( Pnn     (4.33) 

where: 
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Using equations (4.22) and (4.25) to (4.31) the critical reservoir pressure change (ΔPC) to 

reactivate a fault can be derived as: 

)()(
0/

nss

nss
C PP

 





  (4.36) 
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The ratio ΔP/P0 will be called as relative pressure change and denoted by δP in this research. 

In a similar way, the ratio δPC=ΔPC/P0  will be referred to as the critical relative pressure 

change. 

4.7.2. Critical pressure change for faults within a reservoir: three-dimensional stress 

solution and an arbitrary stress regime 

Consider a three-dimensional Cartesian coordinate system oriented in such a way that 

axes 1,2, and 3 are coincident with the principal total stresses of σ1, σ2, and σ3 within the 

reservoir. The field behaves poroelastically and shear induced stresses are assumed to be 

zero within the reservoir. Therefore, stress changes induced by pressure change can be 

determined using normalized stress arching ratios of γα(1), γ α(2), and γ α(3) (see sections 3.5.1 

and 3.6.2). Critical pressure change for a certain fault passing through this reservoir can be 

found by using the criteria for reactivation in equation (4.21), which requires calculation of 

the values of normal effective stress (σ´n) and shear stress (τs) on the fault surface. If the 

normal direction of the fault surface can be represented by the unit vector of (n1, n2, n3), 

these stresses can be found by the following formulae: 

  2
iin n                (4.37) 

22222 )( niiS n            (4.38)  

where σ´i  represents principal effective stresses, and can be written as a function of in-situ 

total stresses (σi0), in-situ pore pressure (P0), normalized stress arching ratios (γ α(i)), and pore 

pressure change (ΔP), in the following form: 

 PLP iii   )1(/ )(0          (4.39) 

where Li is:  

1
0

0 
P

L i
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          (4.40) 
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By substituting equations (4.39) and (4.40) and after some mathematical 

manipulation, equations (4.37) and (4.38) can be written in the following form which, 

respectively, give σ´n and τs as functions of relative pressure change (i.e., δP=ΔP/P0): 


 2/14224
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These two expressions for σ´n and τs can be used in equation (4.21) to find the critical 

pressure change for fault reactivation. This will lead to the following second-order equation 

which can be solved for the relative critical pressure change: 

02  CPBPA CC          (4.43) 

where: 

]))(1)(1(2)()1([

]))(1)(1(2)1()1[(
2

)()(
42

)(
2

2
)()(

222
)(

jijiii

jijiiii

nnn

nnnnA












    (4.44) 

 (4.45) 

 (4.46) 

For a reservoir where axes 1, 2, and 3 are oriented to be coincided with the maximum 

horizon
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tal, minimum horizontal , and vertical in-situ stresses (i.e., σHmax, σHmin, and σV, 

respectively) the values of the dimensionless parameters Li can be rewritten as: 
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where K0(max) and K0(min) are lateral pressure coefficients, respectively,  in the maximum  and 

minimum horizontal in-situ stresses orientations.  

If the fault has a dip angle of θ and a strike angle of β and the azimuth of the 

maximum horizontal in-situ stress (σHmax) is ζ, the unit normal vector of the fault surface (ni) 

can be written as: 

)sin()sin(1  n         (4.50) 

)cos()sin(2  n         (4.51) 

)cos(3 n           (4.52) 

4.7.3. Limitations on calculated values of critical pressure change 

Although, in a theoretical sense, it is possible to find any value for critical pressure 

change, the value might have no practical significance. For instance, it is unreasonable to 

consider values of ΔPC during production that exceed the ambient reservoir pressure (P0). In 

addition, an upper limit on ΔPC would be imposed by the tensile fracturing limit of the 

reservoir – beyond this limit additional fluid injection would be accommodated more-so by 

fracture propagation than pressure increase. For the sake of simplicity, in this research, the 

maximum practical pressure change during injection is considered to be same as the ambient 

reservoir pressure. In summary, the modified critical pore pressure ((ΔPC) Modified) in the 

reservoir must be in the following range to be considered as a reasonable value in this work: 
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00 )( PPP ModifiedC   (4.53) 

4.7.4. Tendency factor 

When a certain maximum pore pressure change (i.e., ΔPMax) during the exploitation 

life of the reservoir is applied, the degree of confidence in preventing fault reactivation can 

be evaluated by defining a tendency factor, as follows: 

CMaxF PPT  /  (4.54) 

This tendency factor can be used for quantitative assessment of fault reactivation. In theory, 

a tendency factor of 1.0 represents the onset of reactivation, and values less than 1.0 

represent a stable state (i.e., no reactivation). In practice, depending on risk tolerance 

thresholds and the degree of input data uncertainty, it may be advisable to use a critical 

tendency factor threshold somewhat smaller than 1.0; in other words, designing to allow a 

safety margin.  

4.8. Summary and conclusion 

The stress changes induced within and around a porous reservoir during fluid 

production or injection can affect the hydraulic integrity of the reservoir through various 

mechanisms, including fault reactivation. In this chapter, a method for assessing fault 

reactivation tendency based on the Coulomb Failure Stress Change (CFS) concept has been 

presented. While the CFS method can be used in conjunction with any induced stress 

change model, its use has been demonstrated in this chapter in conjunction with semi-

analytical, poroelastic models based on the theories of inclusions and inhomogeneities. It has 

been shown that fault reactivation potential is dependent on reservoir geometry and dip 

angle, hence it is important to consider the real reservoir geometry in the analysis of induced 

seismicity and caprock integrity. 

The general pattern of fault reactivation in a normal fault stress regime shows that, 

during production, the regions within and near the lateral flanks of the reservoir tend towards 

reactivation, while during injection, the underlying and overlying regions of the reservoir 
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tend towards reactivation. For a thrust fault stress regime, the overlying and underlying rocks 

tend towards reactivation during production while, during injection, the reservoir and rocks 

near the lateral flanks of the reservoir tend towards reactivation.  

A sensitivity analysis has shown that the position of the boundary between regions 

tending towards reactivation and stabilization is relatively insensitive to the value of the 

friction coefficient. As such, the assumption of an average value of 0.6 for this parameter 

will likely give a reasonable estimate of this boundary's position for most friction 

coefficients typically encountered. It should be noted, however, that a tendency towards 

reactivation will not necessarily result in a significant risk of fault reactivation in settings 

where the shear stresses on existing faults are relatively low. In such cases, it is more useful 

to use an induced stress change model of the type used in this work in conjunction with a 

methodology that assesses the critical conditions required for fault reactivation in an absolute 

sense. In such analyses, the results are indeed very sensitive to the friction coefficient.  

A new methodology was developed to find the ranges of fault dip angles that tend 

towards reactivation throughout the entire cross-sectional plane of analysis. The results have 

been presented using pairs of contour maps which, for any chosen point, allow the reader to 

determine the minimum and maximum fault dip angles that will tend towards reactivation.  

Similar methodologies were presented for assessing the effect of induced stress 

changes on faults passing through reservoirs. These can either predict the range of dip angles 

which tend towards reactivation during a given pore pressure change, or the reactivation 

tendency of a fault of known dip angle. Reactivation tendency has been shown to be a 

function of stress path ratio (Rσ), identified in this work as the ratio of horizontal effective 

stress change to vertical effective stress change. Theories of inclusions and inhomogeneities 

have been used for predicting Rσ, both of which are valid for reservoirs of elliptical cross 

section under plane strain conditions. It has been shown that induced stress analysis solutions 

for a full-space can be used with confidence for most reservoirs and conditions where the 

full-space solution is appropriate have been identified. 
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It has been demonstrated that, within a reservoir located in a setting with a thrust fault 

stress regime, all fault dip angles tend towards reactivation during injection and stabilization 

during production (unless a stress regime change occurs). For normal fault stress regimes, 

faults with moderate angles around the optimum dip angle tend towards reactivation during 

production and stabilization during injection, while the opposite response is predicted for 

other dip angles. Stress path ratio has a significant role in the determination of fault dip 

angles tending most strongly towards reactivation.  

The results show that there is a significant effect of elastic property contrast between 

a reservoir and its surrounding rocks on the stress path, and consequently on fault 

reactivation tendency. Specifically, for a normal fault stress regime, fault reactivation is less 

likely within relatively rigid reservoirs during production. In addition, results show that, for a 

normal fault stress regime, faults in reservoirs with large lateral extents relative to their 

thicknesses, are more likely to reactivate during production.  

A solution was presented to identify the critical pressure change for fault reactivation 

in the entire field for either thrust or normal stress regime and a plane-strain solution for 

induced stress change. Similarly, a formulation has been derived to assess critical pressure 

change for faults within reservoirs in a three-dimensional coordinate system which allows 

considering different in-situ stress regimes, fault geometries, and reservoir geomechanical 

response to pore pressure change.  
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Chapter 5 

Induced fracturing due to reservoir pressure change 

 

5.1. Introduction 

Induced shear and tensile fracturing of a reservoir and the surrounding rock during 

production has been considered responsible for induced seismicity recorded in many 

reservoirs around the world. In addition, it is categorized as a main risk which might threaten 

the integrity of the reservoir and caprock during fluid injection for carbon dioxide storage. In 

this chapter, the problem of induced fracturing within a reservoir and surrounding rock 

during production/injection is studied. For a plane strain solution, the concept of arching 

ratios for a poroelastic material is used in conjunction with the Coulomb failure criterion to 

study the likelihood towards fracturing within reservoirs and also to calculate the critical 

pressure change for fracturing within reservoirs and their surrounding rock.  In addition, a 

three dimensional stress analysis is merged with the Drucker-Prager failure criterion to 

calculate the critical pressure change for fracturing within reservoirs. 

5.2. Induced fracturing within reservoirs analysed in plane strain  

As mentioned in Chapter 3, induced stress analysis shows that shear stresses in the 

central part of horizontal reservoirs are negligible. This section takes the advantage of this 

fact to study the likelihood of fracturing and critical pressure change for fracturing within 

reservoirs in a plane strain condition. This section only discusses induced fractures whose 

surfaces strike normal to the studied cross-section of the plane strain analysis.  
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Due to the plane strain character of induced stress change analysis and the inability of 

the Coulomb failure criterion to account for the effect of intermediate principal stress, the 

proposed methodology in this section is only able to predict induced fracturing for fractures 

with a surface plane perpendicular to the analysed cross-section. Therefore, strike-slip fault 

stress regime is not discussed in this section. However, the methodology could be extended 

to be used for a strike-slip regime by the use of a horizontal cross-section (i.e., by analyzing 

the reservoir in plan view).  

5.2.1. Failure criterion for fracturing within reservoirs 

One of the most common failure criteria in rock mechanics is the Coulomb failure 

criterion. Values of strength properties in this criterion can be determined using direct shear 

tests or triaxial compression tests. In a Mohr coordinate system (Figure 5.1), for a thrust or a 

normal fault stress regime, the Coulomb failure criterion can be written as follows: 
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Figure 5.1.  Stress state at the point of failure in a Mohr coordinate system for a normal fault 
stress regime (F=1) and a thrust fault stress regime (F=-1). 
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In this equation,  and , respectively, are horizontal and vertical effective 

stresses in the failure state; c and respectively, are cohesion and internal friction angle of 

the reservoir rock. To develop equation (5.1) it is assumed that there is no change in shear 

stress within the central part of the reservoir. By manipulation of equation (5.1), the 

Coulomb failure envelope in a σ΄H-σ΄V coordinate system can be represented as a line with 

the following equation (Figure 5.2):  
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Where R is the slope of the linear failure envelope:  
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Figure 5.2. Portrayal of different plausible stress change paths during injection and 
production for normal and thrust fault stress regimes. 
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            (5.3) 

5.2.2. Different modes of fracturing     

Referring to Figure 5.2, there are four different plausible modes of fracturing during 

reservoir pressure change:  (1) horizontal tensile fracturing (i.e., where σ΄V = 0); (2) vertical 

tensile fracturing (i.e., where σ΄H = 0); (3) shear failure in a thrust fault stress regime (i.e., 

sub-horizontal fractures) which is referred to in this thesis as the thrust mode of fracturing, 

and (4) shear failure in a normal fault stress regime (i.e., sub-vertical fractures) which is 

referred to in this thesis as the normal mode of fracturing.  

5.2.3. Likelihood of fracturing within reservoirs 

Figure 5.2 may be used to develop a straightforward approach to determine the 

tendency towards fracturing (or stabilization) within a reservoir in either a thrust or a normal 

fault stress regime during reservoir pressure change. Consider a point in the reservoir with 

initial horizontal and vertical in-situ stresses σH0 and σV0, and the corresponding effective 

stresses denoted σ΄H0 and σ΄V0. By stress evolution during reservoir pressure change, this 

point moves along a line with a slope of Rσ (see equation (4.7)). As shown in Figure 5.2, 

based on the relative values of Rand Rσ, a number of different scenarios pertaining to intact 

rock failure (or stabilization) are possible, as follows. 

In a normal fault stress regime (i.e., the lower-right half of the graph), when Rσ is 

greater than R, the stress state moves further away from the failure line during production 

(i.e., stabilization occurs), but towards it during injection (i.e., destabilization occurs).  When 

Rσ< R, however, the opposite occurs. For a thrust fault stress regime, the relation Rσ <1< R 

always holds true. Therefore, in a thrust fault stress regime, the stress state always moves 

away from the failure line (i.e., stabilization) during production, while it always moves 

towards it (i.e., destabilization) during injection.  

These scenarios are summarized in Table 5.1. The key words of stabilization and 

destabilization in Table 5.1 are only appropriate if the initial stress regime remains 
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unchanged during reservoir pressure change. As Figure 5.3 shows, when Rσ < R, for 

sufficiently large values of reservoir pressure change, a normal fault stress regime might 

change to a thrust fault regime during injection. This might result in shear fracturing in a 

thrust fault stress regime, or horizontal or vertical tensile fracturing depending on the initial 

stress state (i.e., σ΄H0 and σ΄V0) and the stress path ratio (Rσ). In a similar manner, a thrust 

fault stress regime might change to a normal fault stress regime during injection, and the 

rock failure mode might be changed as a consequence. 
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Figure 5.3. Occurrence of stress regime change, and consequent failure mode change, for 
sufficiently high values of reservoir pressure change during: (1) production from a reservoir 
with an initially thrust fault stress regime; and (2) injection in a reservoir with an initially 
normal fault stress regime. 
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Table 5.1. Rock failure tendency within a reservoir during production or injection in normal 
or thrust fault stress regimes.  

 

Normal fault Stress Regime Pressure 
Change 
Scenario 

R> Rσ R< Rσ 
Thrust  fault Stress 

Regime 

Injection Stabilization 

(Although Tensile fracturing 
modes or shear fracturing are 
plausible for sufficiently high 

values of ΔP) 

Destabilization Destabilization 

Production 

Destabilization Stabilization 

Stabilization 

(Although shear 
fracturing is plausible 
for sufficiently high 

values of ΔP) 

5.2.4. Critical pore pressure change for induced fracturing within reservoirs 

Further to analyzing the failure (or stabilization) tendency resulting from pore 

pressure change in a relative sense, it is useful to estimate, in an absolute sense, the critical 

pore pressure change at which shear or tensile fracturing will be induced within a reservoir 

(ΔPf). This critical value can be used to establish the lower limit on reservoir pressure during 

production, and the upper limit on reservoir pressure during enhanced recovery or 

greenhouse gas sequestration operations.  

The critical pore pressure change to induce shear fracturing ((ΔPf)S) within a 

reservoir can be calculated by substituting changes in effective stresses from equation (3.10) 

into equation (5.2), leading to the following equation:  
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where P0  is the ambient reservoir (pore) pressure, c* is a normalized form of the 

reservoir rock’s cohesion (c) with respect to the ambient reservoir pressure (i.e., c*  = c/P0); 
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K0 is the lateral pressure coefficient in the in-situ stress state (i.e., K0= σH0 /σV0 ) and λp is as 

defined in equation (4.29). With an assumption of negligible tensile strength for the reservoir 

rock, which is fairly common for sedimentary rocks (e.g.,  Zoback, 2007), the value of λp 

must satisfy the following condition to ensure that the both of horizontal and vertical 

effective in-situ stresses are compressive (i.e., σ΄H0 > 0 and σ΄V0 > 0).  

 0,1min KP                (5.5) 

Equation (5.4) provides two different values of the critical pressure change in either a 

normal (i.e, F=1) or a thrust fault stress regime (i.e, F=-1). Either or both of these values 

might not be realistic, depending on the specific characteristics of the problem. To filter out 

the unrealistic values, first, the pore pressure change during production (ΔPf) must not be 

greater than the ambient reservoir pressure (P0). Second, the maximum pressure change 

during injection must be less than the critical pressure change for tensile fracturing.  By 

assuming a zero tensile strength for the reservoir, the critical pressure changes to induce 

horizontal and vertical tensile fractures (i.e., (ΔPf)T(H) and (ΔPf)T(V)),  can be determined as 

follows: 

)]1(/[)1(/)( )(0)( VppHTf PP  
             

                           (5.6) 

)]1(/[)(/)( )(00)( HppVTf KPP                                (5.7) 

To sum up, any normalized reservoir pressure change must satisfy the following inequality: 

 )()(0 )(,)(min VTfHTff PPPP                           (5.8) 

5.3. Induced fracturing in the entire field by implementing a plane strain stress change 

analysis 

Following, a methodology is developed to model induced fracturing-faulting in the 

entire field during pressure change within a reservoir. The methodology is designed to 

calculate the critical pressure changes for the both cases of shear and tensile fracturing. The 
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developed methodology uses the poroelastic methods described previously to determine 

induced stress change and a Coulomb failure criterion to define the onset of fracturing.  

5.3.1. Critical pressure change for shear fracturing  

The condition corresponding to shear failure in intact rock is demonstrated in Figure 

5.4, which shows a Mohr circle representing the failure stress state. This failure state 

develops when the critical reservoir pressure change (ΔPC(S)) occurs within the reservoir. 

This pressure change might be a result of either injection or production. At this critical 

condition, when shear is occurring in the rock, using the trigonometry of Figure 5.4, the 

following equation between different stresses can be written: 

2/1

22)
2

(cossin)
2

( 



 





HV

VHVH c 





   
                         (5.9) 

where H and V , and HV, respectively,  are horizontal effective stress, vertical 

effective stress, and shear stress that exist when the critical pressure change for shear 

fracturing within the reservoir (ΔPC(S)) is reached.  By using equations (3.10) and (4.29), and 

after some mathematical manipulation, the following equation can be derived from equation 

(5.9): 
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and γ(m) and γ(d) are average and deviatoric normalized stress arching ratios: 
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and, 
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Equation (5.10) may be used in a relatively straight-forward manner to find the value of 

critical pressure change for shear fracturing at any point in the entire field. 

As can be seen in Figure 5.4, the orientation of induced shear fractures can be easily 

found if the orientations of critical principal effective stresses are known. As shown, shear 

fractures make an angle of 45° - /2 with the direction of maximum principal effective stress 

(i.e., σ1) which can be determined from the Mohr circle.  

5.3.2. Critical pressure change for tensile fracturing 

In addition to shear fracturing, there is also a condition in which of tensile fracturing 

may occur. As shown in Figure 5.4, for a tensile strength of zero, this happens if the critical 

pressure change of ΔPC(T) is such that the minimum principal effective stress (σ3) becomes 

zero or less. This condition leads to the following equation: 
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                        (5.14) 

Using equations (3.10) and (4.29) this equation can be written as follows: 
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Figure 5.4. Demonstration of shear failure and tensile failure induced by reservoir pressure 
change 
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Using equation (5.15) gives the critical pressure change (PC(T)) for tensile induced 

fracturing. The orientation of tensile fractures will be normal to the direction of the minimum 

principal stress, which can be determined from the Mohr circle. 

 The critical pressure change for fracturing is determined by comparing the tensile 

critical pressure change (ΔPC(T)) and shear critical pressure change (ΔPC(S)) and the direction 

of failure surface must be determined based on this fact. 
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5.4. Induced fracturing within the reservoir by implementing a three-dimensional stress 

change analysis 

The previous methodology, which was developed for calculation of critical pressure 

change for induced shear fracturing within reservoirs in a plane strain condition, can be 

extended to a three dimensional solution. This can be done by considering all three possible 

fracturing planes in the field and finding the most vulnerable one for fracturing (i.e., the 

minimum critical pressure change). However, the Coulomb failure criterion does not 

consider the effect of intermediate stress. The Drucker-Prager criterion is able to consider 

this effect, is mathematically conducive to the development of closed-form solutions, and is 

sometimes used for rocks (e.g., Zoback, 2007). As will be shown here, using the Drucker-

Prager failure criterion, it is possible to derive a single equation to calculate the critical 

pressure change for shear fracturing for a three-dimensional condition. The Drucker-Prager 

failure criterion can be stated as: 

121
2/1

2 IQQJ                        (5.17) 

Where Q1 and Q2 are material strength constants and I1 and J2, respectively, are the 

first variant of stresses and the second variants of the deviatoric part of stresses, and can be 

written as: 

2
2 )()6/1( jiJ  

                (5.18)
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where σi are principal stresses. By substituting equations (4.39) and (4.40) in equations (5.17) 

through (5.19), the following equation can be derived to calculate the relative critical 

pressure change required for shear fracturing: 

02  CPBPA CC                 (5.20) 

where, 
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Material strength parameters (i.e., Q1 and Q2) can be related to the Coulomb failure 

criterion parameters (i.e., c and ) using the following formulations (Zoback, 2007):
 

1. When the Drucker-Prager failure criterion surface circumscribes the Coulomb failure 

criterion surface:  
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2. When the Drucker-Prager failure criterion surface inscribes the Coulomb failure 

criterion surface: 
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In a similar manner to the plane strain solution, the critical pressure change for 

fracturing in three-dimensional case can be written as follows for the induced tensile 

fractures within a plane normal to the vertical, minimum horizontal, and maximum 

horizontal in-situ stresses, respectively: 

)]1(/[)1(/)( )(0)1( VppHTf PP               (5.27) 
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And the minimum critical pressure change to induce fracturing is: 

 )2()1()( )(,)(,)(min)( VTfVTfHTfTf PPPP                         (5.30) 

5.5. Summary and Conclusion 

A framework has been developed to study the potential for induced fracturing within 

a reservoir and the surrounding rock during fluid injection or production. Depending on the 

initial stress state, the reservoir rock’s strength parameters, and the stress change path during  

production or injection, four different modes of fracturing were recognized: horizontal 

tensile fracturing, vertical tensile fracturing, shear fracturing in a thrust mode (i.e., sub-

horizontal fractures), and shear fracturing in a normal mode (i.e., sub-vertical fractures). A 

straightforward approach has been suggested to determine the tendency of the reservoir 

towards either of fracturing or stabilization during reservoir pressure change. In addition, a 

series of formulations has been developed to determine the critical reservoir pressure change 

for induced fracturing for the both a plane strain stress analysis model (for both within 

reservoirs and in the entire field) and a three-dimensional stress analysis model (for within 

reservoirs). 
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Chapter 6 

Case Studies 

 

6.1. Introduction 

The objective of this chapter is to use different case studies to demonstrate the 

application of the developed methodologies for induced fracturing and fault reactivation 

analysis. In addition, sensitivity analyses are carried out to show the effects of parameter 

uncertainty on patterns of induced stress change, stress evolution, fracturing and fault 

reactivation.  

The following case studies are studied in this chapter: 

 Fault reactivation analysis for a synthetic case study 

 Studying general patterns of stress evolution, and fracturing using a synthetic 

case study 

 Fault reactivation in the Lacq gas field, France 

 Fault reactivation and induced fracturing analyses within the Ekofisk oil and gas 

reservoir, North Sea 

 Fault reactivation and induced fracturing analyses in the Weyburn oil field, 

Saskatchewan, Canada  

 Fault reactivation and induced fracturing analyses for the Zama Acid Gas 

Injection Project, Alberta 
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6.2. Fault reactivation analysis for a synthetic case study 

This synthetic case study considers a field containing a reservoir of rectangular cross-

section, having a depth (to the reservoir top) of 3 km, a width of 6 km, and a thickness of 

300 m embedded in rock possessing the same material properties as the reservoir under 

plane strain condition. As shown in Figure 6.1, there are 14 faults with different dip 

angles and dip directions throughout the cross section to be analyzed. All faults strike 

normal to the cross-section plane. The coefficient of friction for all the faults is 

considered to be 0.6. The homogeneous isotropic rock of the field has a Poisson’s ratio 

(ν) of 0.2, and a specific gravity (Gs) of 2.05 which is representative of high-porosity 

(e.g., under-consolidated) sedimentary rocks, the lateral pressure coefficient (K0) is 0.85, 

which indicates a normal fault stress regime as the ambient condition. Pore pressure is 

considered to be hydrostatic outside of the reservoir, and an over-pressuring ratio (λp) of 

0.76 is considered for the reservoir. The Biot’s coefficient is considered to be 1.0. The 

objective of this study is analysing the likelihood for reactivation, the critical pressure 

change, and the tendency factor for reactivation for the existing faults.  

 

Figure 6.1. (a) Cross-sectional geometry of the synthetic case study for fault reactivation 
tendency in a normal fault stress regime under plane strain conditions. Each fault is 
labeled with a reference number (i.e., 1 through 14), and a dip angle (which is circled).  
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6.2.1. Stress change analysis 

The values of the normalized stress arching ratios are primarily dependent on the 

mechanical properties and geometry of a reservoir and its surrounding rock. For the 

special case of a homogeneous, linear elastic reservoir with the same elastic properties 

as the surrounding rock, the stress arching ratios can be found using the theory of 

inclusions. Output for a plane strain stress analysis of this field using the theory of 

inclusions was shown and discussed in section 3.5.2. It is important to remember that a 

continuum mechanics modelling approach has been used, hence the effects of post-

reactivation fault plane displacements have not been considered. 

In addition to calculation of arching ratios for the entire field, arching ratios also 

were determined directly along the faults to calculate the critical pressure change for 

reactivation. Figure 6.2 shows how arching ratios vary along fault 7. Horizontal 

normalized arching ratios (γ(H)) along this fault are negative except for a segment 

located within the reservoir. During injection (i.e., ΔP > 0), then, the fault is under 

compressive horizontal stress change within the reservoir (i.e., ΔσH > 0) and under 

tensile horizontal stress change in the overburden and underburden (i.e., ΔσH < 0).  
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Figure 6.2. Variation of normalized arching ratios along Fault 7 
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Further, the magnitude of total stress change is considerable within the reservoir relative 

to the surrounding rock. The normalized vertical arching ratio (γ(V)) is positive along the 

entire length of the fault, which indicates that the entire fault is under compressive 

vertical stress change (ΔσV > 0) during injection. The opposite of these results occur for 

the case of production. 

6.2.2. Fault reactivation tendency analysis 

Due to the similarities in geometry and material properties, Figures 4.10a and 4.10b 

can be used to identify the tendency towards reactivation for the faults in this case study. 

These figures show the values of θmin and θmax as contour maps, for a normal stress 

regime. Although in these figures, faults are considered to be dipping towards to the 

bottom left corner of the cross section (i.e., δD = 1), due to the symmetrical nature of the 

problem, the results for the analogous case in which the faults dip towards to the bottom 

right corner of the cross section (i.e., δD = -1) can be generated by mirroring the contours 

along the x = 0 line. The final results are shown in Figure 6.3, in which the faults that 

tend towards reactivation during production are identified using fat grey lines, and the 

faults that tend towards reactivation during injection are identified as thin black lines.  

As shown in Fig. 6.3, there are 7 faults that tend towards reactivation during 

production, either fully or partly. These faults can be categorized into two main groups: 

Firstly, faults 1, 2, 9, 11 and a segment of fault 3, which are located near the lateral 

flanks of the reservoir; secondly, the segment of fault 7 which is located within the 

reservoir.  

The mechanisms of fault reactivation in these two groups are different. Faults in the 

first group tend towards reactivation due to the effective horizontal stress relaxation 

(tensile stress change) and vertical effective stress increase (compressive stress change). 

These stress changes apparently accentuate the existing normal fault stress regime (i.e., 

increase the deviatoric stress), hence the tendency towards reactivation. Fault 7, on the 

other hand, tends towards reactivation because the increase in vertical effective stress is 

larger than the increase in the effective horizontal stress. Even though both stress  
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Figure 6.3. Tendency towards reactivation during fluid injection and production. 

changes are compressive, the induced deviatoric stress is sufficient to force the stress 

state on the fault towards failure. However, depending on the amount of stress change 

within the reservoir, only a certain range of fault dip angles (i.e., moderate dip angles) 

tend towards reactivation. For example, because the dip angle of fault 6 is relatively 

steep, the component of induced shear stress resolved on its surface is small, hence it 

does not tend towards reactivation. 

According to Fig. 6.3, the faults above and below the reservoir stabilize during 

production due to a stress state change that works to counter-act the deviatoric stress in 

the existing normal fault stress regime. As also shown in Fig. 6.3, fault behaviour during 

injection is the exact opposite of the case discussed for production.  

6.2.3. Critical pressure change for fault reactivation 

Equation (4.36) was used to calculate the theoretical critical pressure changes 

(ΔPC) for fault reactivation for both injection and production. The results for fault 

number 7 are shown in Figure 6.4a. Clearly, some of the calculated critical pressure 

changes are impractically high. Figure 6.4b shows the results after applying the filtering  
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(b) 

Figure 6.4. Critical pressure change analysis along fault 7: (a) variation of normalized 
arching ratios; (b) the critical pressure change; (c) modified critical pressure change; and 
(d) tendency factor for a reservoir pressure change of -29 MPa. 
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Figure 6.4 (Continued). Critical pressure change analysis along fault 7: (a) variation of 
normalized arching ratios; (b) the critical pressure change; (c) modified critical pressure 
change; and (d) tendency factor for a reservoir pressure change of -29 MPa. 

criteria given in equation (4.53). Based on these results, for either injection or 

production scenarios, the only possibility for reactivation of fault 7 is for a segment 

which is located within the reservoir. During production, the reactivation occurs when 

the pressure decreases by 78%  of its ambient value (i.e., a decrease of roughly 38 MPa). 

During injection, it occurs when the ambient pressure of the reservoir increases by 33% 

(i.e. an increase of roughly 16 MPa)  

In Figure 6.4c, the tendency factor (TF) calculated using equation (4.54) along 

fault 7 is shown for a hypothetical production scenario in which the reservoir pressure is 

reduced by of 29 MPa (i.e., 60% of the ambient reservoir pressure). This figure shows 

that the maximum reactivation tendency factor (i.e., TF=0.82) occurs for a point on fault 

7 near the top boundary of the reservoir. The reactivation tendency factors for the 

segments of fault located in the surrounding rock are negligible (less than .02), which 

suggests that there is no reactivation potential for fault 7 in this region.  
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To illustrate the mechanism of reactivation for both production and injection 

scenarios for fault 7, the ambient stress state and the induced stress states in these two 

cases, for a point at mid-height in the reservoir, are projected in a Mohr coordinate 

system (see Figure 6.5). Figure 6.5b shows that production, as predicted in Figure 4.15, 

accentuates the existing normal fault stress regime (Figure 6.5a) and moves the stress 

state on the fault surface towards the failure criterion. Figure 6.5c shows that, during 

injection, fault reactivation is only possible if the failure occurs in a thrust fault stress 

regime. This means that, during the earlier stages of injection (i.e., up to ΔP  14 MPa), 

the stress regime becomes more isotropic. This gives rise to a reduced likelihood of fault 

reactivation (i.e., stabilization). Conversely, for ΔP > 14 MPa, the stress regime switches 

from normal to thrust fault. Beyond this transition point, further increases in pressure 

increases the tendency towards fault reactivation – in theory, at least (Figure 6.5c). It is 

significant to note that, at these elevated pressures, the magnitude of the normal effective 

stress on the fault surface is very small (0.2 to 1.2 MPa), hence the potential for tensile 

failure becomes high. This specific scenario is referred to as a pseudo-tensile failure 

mode by this author which, in fact, represents a specific type of shear failure mode. 

Following a similar procedure to fault 7 for all faults in the field, it has been 

determined that none of the faults are at risk of reactivation when they are located in the 

surrounding rock. However, within the reservoir, fault 7 is the only one which – within 

reasonable bounds of pressure change - can be reactivated during production. During 

injection, in addition to fault 7, those segments of faults 4, 6 and 10 which are located 

within the reservoir tend towards reactivation. The amounts of critical pressure change 

for these faults are almost the same as for fault 7; i.e., roughly 33% of ambient reservoir 

pressure ( 16 MPa). This equivalency of critical pressure change can be understood by 

realizing that the mechanism of reactivation for all these faults follows a pseudo-tensile 

failure mode.  

To summarize, the results of this analysis show that, without considering any 

margin of safety, fault reactivation is predicted when the reservoir pressure is decreased 

by 38 MPa or increased by 16 MPa. 
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(b) 

Figure 6.5. Mohr circles corresponding to stress state in a point on fault 7 located in the 
middle of the reservoir: (a) initial stress state; (b) stress state at the time of failure during 
production; and (c) stress state at the time of failure during injection. 
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(c) 

Figure 6.5. (Continued) Mohr circles corresponding to stress state in a point on fault 7 
located in the middle of the reservoir: (a) initial stress state; (b) stress state at the time of 
failure during production; and (c) stress state at the time of failure during injection. 

6.2.4. Sensitivity analysis 

One useful application of the methodology described in section 4.6.1 is to study 

the sensitivity of critical pressure change to important parameters which are often poorly 

constrained; a notable example being the coefficient of friction (μs). The objective of this 

sensitivity analysis is to show the effect of varying the friction coefficient on the critical 

pressure change for reactivation of fault 7 in the middle part of the reservoir. 

Mechanistically, with respect to the initial stress state, the value of the friction 

coefficient cannot be smaller than the boundary value of s0, stated as: 

0
0

0
s

n

s 






     (6.1) 

where s0 and n0, respectively, are ambient shear and normal effective stresses resolved 

on the fault surface plane. At the point of interest, s0 is calculated as 0.5. Thus, a range 

of 0.5 < s  < 1.0 was considered in this sensitivity analysis.  
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Figure 6.6 demonstrates the results of this analysis. For 0.5 < s  < 0.65, 

reactivation is possible in either cases of production or injection, while for s  > 0.65, it 

is only possible during injection. For values of s more than 0.6, the critical pressure 

change for reactivation during production is too high to be practical. Also, this figure 

shows that, for the entire range of change in s, the critical pressure change during 

injection is roughly constant.  

The mechanisms leading to these results can be interpreted by the methodology 

proposed in section 4.7.1 for fault reactivation tendency analysis within reservoirs. 

According to this methodology, when shear stress is negligibly small, the mechanics of 

fault reactivation can be depicted graphically in a coordinate system with effective 

vertical stress (σ΄V) on the x-axis and effective horizontal stress (σ΄H) on the y-axis 

(Figure 6.7). In such a coordinate system, for a fault with dip angle of θ, a cohesionless 

Coulomb failure criterion can be displayed as a straight line with a slope of R. 
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Figure 6.6. Variation of critical pressure versus friction coefficient at a point on fault 7 
located in the middle of the reservoir. 
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Figure 6.7. Portrayal of different plausible reactivation paths during injection and 
production for a normal stress regime in a σH-σV coordinate system. 

The evolution of the stress state in a σ΄H- σ΄V coordinate system can be expressed 

using the stress path ratio (R) in equation (4.7), and the initial stress slope (R0) which is 

defined as follows: 

p

p

V

H
K

R















1

0

0

0
0   (6.2) 

where ∆σ΄H and ∆σ΄V, respectively, are horizontal and vertical effective stress 

changes.  

Apparently, it is not mechanically acceptable to have R > R0, which indicates an 

over-failure condition (Figure 6.7). Therefore, the inequality R  R0 must always hold 

true. [Note: This is merely a re-statement of the inequality expressed in equation (6.1).] 

Figure 6.7 also demonstrates that, for a normal fault stress regime, only when Rθ is 
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smaller that Rσ is production potentially able to reactivate a fault. These conditions, in 

combination, state that production is likely to reactivate a fault within a reservoir only if 

R0< Rθ < Rσ. 

Regarding the fact that, for the problem under investigation, shear stress change 

at the point of interest is negligible (i.e., γ(HV)=-0.001), the described methodology can 

be efficiently applied for interpretation of the sensitivity analysis results in Figure 6.8. 

To do so, the stress state of the point of interest (σ΄H0=15.7; σ΄V0=6) is projected in a σ΄H- 

σ΄V coordinate system (Figure 6.8). The initial stress slope (R0) corresponding to this 

initial stress state is 0.38, and the stress path ratio (Rσ) for this point is found using 

equation (4.7) as 0.29 (by knowing γ(H)= 0.72 and γ(V)= 0.015).  

Based on the rationale presented above, fault reactivation during production is 

only likely if 0.29 < R < 0.38. Using equation (4.7), this corresponds to 0.5 < s < 0.65, 

which is consistent with the sensitivity analysis results shown in Figure 6.6. Figure 6.8 

also explains why a very high pressure change is required as the friction coefficient 

approaches 0.65. In fact, in this case, the failure line (i.e., Rθ) becomes more parallel to 

the stress change path (i.e., R), and crossover of these two lines requires an exceedingly 

high magnitude of reservoir pressure change during production.  

Figure 6.8 shows that, during injection, for values of s
 > 0.5, fault reactivation 

only occurs in a thrust fault stress regime and obviously the critical pressure change for 

fault reactivation does not significantly changes as s increases. This is consistent with 

the results of the sensitivity analysis presented in Figure 6.6. In fact, as mentioned 

before, in this condition the normal stress on the fault surface is very small and fault 

reactivation occurs in a pseudo-tensile mode. So, as expected from a tensile mode, the 

critical pressure change is not essentially affected by friction coefficient (s).  
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Figure 6.8. Portrayal of different plausible reactivation paths during injection and 
production for a point on fault 7 located in the middle of the reservoir. The values shown 
on the graphs are coefficient of friction (µs).  
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6.3. Studying general patterns of stress evolution, fracturing using a synthetic case 

study 

This synthetic case study considers a field containing a reservoir of rectangular 

cross-section, having a depth (to the reservoir top) of 3 km, a width of 6 km, and a 

thickness of 300 m embedded in rock possessing the same material properties as the 

reservoir. The homogeneous isotropic rock of the field has a Poisson’s ratio (ν) of 0.2 

and a specific gravity (Gs) of 2.05. Pore pressure is considered to be hydrostatic outside 

of the reservoir, and an over-pressuring ratio (λp) of 0.756 is considered for the reservoir. 

The Biot’s coefficient is considered to be 1.0. The objective is to study patterns of 

evolution in in-situ stresses, and new fractures induced by reservoir pressure change in 

the entire field for both normal and thrust stress regimes with the lateral pressure 

coefficient (K0) of 0.85 and 1.1, respectively. 

6.3.1. Induced deformation and stress change analysis  

A plane strain solution based on the theory of inclusions (see section 3.5.2) was 

used to calculate deformations and stresses in a homogeneous, linear elastic field 

embedding the porous reservoir described above. The output is shown in Figures 6.9 and 

6.10. Figures 6.9a and 6.9b, respectively, show contour maps of horizontal and vertical 

deformations. Figure 6.9c shows the pattern of deformation in the field. Figure 6.9d 

demonstrates the ground surface horizontal and vertical deformations.  

As shown in Figure 6.9, horizontal deformation is towards the central axis and 

vertical deformation is downward (subsiding) in the entire field during production. The 

surrounding rock can be roughly divided in two main regions: a central deformation 

region where, during production, the horizontal deformation is compressive and vertical 

deformation is tensile; and a peripheral deformation region where, during production, 

horizontal deformation is tensile and vertical deformation is compressive. Behavior of 

the field is exactly opposite during injection. Figure 6.9d shows that, on the ground 

surface,  
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Figure 6.9. Results of deformation analysis for a rectangular reservoir with depth of  3 
km, thickness of 300 m and width of 6 km. (a) Contour plots of horizontal deformation. 
Positive values of denote deformation towards the centre. (b) Contour plots of vertical 
deformation. Positive values denote deformation in a downward direction. (c) Vector 
map of deformation during production. Vectors directions would be reversed during 
injection. (d) Ground surface horizontal and vertical deformations. All values of 
deformations in these figures are normalized by [P(1-2)]/[ (1-)], where  is the 
shear modulus,  is the Poisson’s ratio of the field,  is Biot’s coefficient, and P is 
reservoir pressure change (positive during injection and negative during production).  
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maximum vertical deformation occurs above the centre of reservoir and maximum 

horizontal deformation occurs above the neighboring parts of the reservoir flanks (about 

1.5 km beyond the reservoir sides). These results are qualitatively in agreement with 

field observations as Wilmington oil field, Texas Buena Vista and Inglewood oil fields 

in California (Yerkes and Castle, 1970). 

Figures 6.10a-c show the results of induced stress change analysis for the same 

problem. These figures, respectively, show horizontal, vertical, and shear normalized 

stress arching ratios (i.e., γ(H), γ(V), and γ(HV)). Figures 6.10a-b show that, similar to the 

deformation analysis presented in Figure 6.9, central and peripheral regions are 

recognizable for induced horizontal and vertical stress changes (i.e., respectively, ΔH 

and ΔV). Figure 6.10c shows that shear stress change (ΔHV) is mainly concentrated on 

the edges of the reservoir.  

6.3.2. Patterns of evolution in orientation and magnitude of in-situ stresses 

In most studies on stress evolution during reservoir pressure change the focus has 

been on recognizing patterns and magnitudes of induced stress change in the field and 

there has been a less attention to deviation in orientation and magnitude of the in-situ 

stresses as a result of reservoir pressure change. In this work, to study the patterns of in-

situ stress change during reservoir pressure change, the initial in-situ vertical and 

horizontal stresses were assumed to be principal stress components. Further, the stress 

regimes considered were normal fault (i.e., extensional) and thrust fault (i.e., 

compressive).  

An example of in-situ stress evolution is shown in Figures 6.11a-d by 

considering K0=0.85 (i.e., a normal stress regime), a hydrostatic pore pressure 

distribution in the surrounding rock (i.e., λp=1/Gs=0.488), and an over-pressured zone 

within the reservoir (i.e., λp=0.756). These figures show the evolution in orientation and 

magnitude of the maximum principal stress (1) during the gradual depletion of the 

reservoir when the reservoir pressure change (ΔP) becomes, respectively, 25%, 50%, 

75% and 100% of the average ambient reservoir pressure (i.e., P0).  Figures 6.11a-d 
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show that, during production from the reservoir, stress orientations within the reservoir 

and in the far sideburdens (where the shear stress is negligible, see Figure 6.10c) are 

unchanged, and the initial normal stress regime becomes accentuated (see Figures 6.10a-

b). 
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Figure 6.10. Contour maps for normalized stress arching ratios for a rectangular 
reservoir with the same geometry as the reservoir analyzed in Figure 1. (a) Normalized 
horizontal stress arching ratios ((H)); (b) Normalized vertical stress arching ratios 
((V)); and (c) Normalized shear stress arching ratios ((HV)). All values are normalized 
by (1-2)/(1-). Horizontal and vertical scales are labeled in km. 
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Figure 6.11. Results of stress evolution analysis (i.e., change in maximum principal 
stress magnitude and orientation) during production from a reservoir with an initially 
normal fault stress regime (K0 = 0.85). (a) Initial stress state. Stress state after a reservoir 
pressure change (ΔP) of: (b) 25% of P0; (c) 50% of P0; (d) 75% of P0; and (e) 100% of 
P0. Horizontal and vertical scales are labeled in km. 
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In the overburden and underburden, the changes in stress orientation start from the 

corners of the reservoir (where shear stresses are maximum), and propagate upward and 

downward (almost along the boundary of the central deformation region) and laterally. 

The lateral spreading of the region of stress orientation change is mainly towards the 

central deformation region, where the initial normal fault stress regime is gradually 

changing to a thrust fault stress regime as a result of production induced stress changes 

which increase the horizontal in-situ stress and decrease the vertical in-situ stress (see 

Figures 6.10a-b). The stress orientation changes in the shallow overburden are greater 

due to the small magnitude of the in-situ stresses compared to the deeper overburden and 

underburden.  

Figure 6.12a shows the result of stress evolution analysis of the same reservoir 

for the analogous case of injection within the reservoir while the increase in the reservoir 

pressure is 100% of the initial reservoir pressure. This figure shows that the general 

pattern of stress propagation might be explained in a similar manner as the case of 

production, by noticing that the lateral direction of propagation is mainly towards the 

sideburdens where the induced stresses intend to change the existing normal stress 

regime to a thrust fault stress regime (see Figure 6.10a-b). However, in the central part 

of the overburden and underburden, where injection accentuates the existing normal 

stress regime (see Figure 6.10a-b), stress orientation remains unchanged. Within the 

reservoir the initial stress regime changes from a normal fault stress regime to a thrust 

fault stress regime. Figures 6.12b and 6.12c show the results of the same analysis for a 

field with a thrust fault stress regime, respectively, during production and injection 

which can be interpreted in a very similar manner. 

Assessment of all these different cases leads to a generalized pattern to predict 

and analyse the evolution of principal stress orientations and magnitudes in rocks 

surrounding a reservoir for different scenarios of initial stress regime and reservoir 

pressure change. A simple conceptual model (referred to in this work as a ‘cavity 

pattern’) is able to explain the stress evolution around a reservoir by analogy to stress 

change around a cavity (e.g., a prism in a plane strain scenario) during injection. Based 

on this model, during injection, the in-situ stress state in the surrounding rock tends to  
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Figure 6.12. Results of stress evolution analysis (i.e., change in maximum principal 
stress magnitude and orientation) after reservoir pressure change (ΔP) of 100% of P0: (a) 
During injection within a reservoir of initially normal fault stress regime (K0 = 0.85); (b) 
During production from a reservoir of initially thrust fault stress regime (K0 = 1.1); and 
(c) During injection in a reservoir of initially thrust fault stress regime (K0 = 1.1).  
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evolve in magnitude and orientation to form a new stress state in which the maximum 

principal stresses become radially distributed around the cavity. For the analogous case 

of production, the in-situ stress state evolves in such a way that the maximum principal 

stress becomes tangential to the cavity surface. Later in this section, a very final stage of 
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such a stress evolution will be shown when the reservoir pressure change is high enough 

to bring the rock to its critical state.  

6.3.3. Patterns of induced fracturing observed in hydrocarbon fields and physical 

models 

Patterns of fracturing in hydrocarbon fields may be studied using field and 

experimental observations. These different sets of data can be integrated to determine a 

general pattern for induced fracturing/faulting in a field during reservoir pressure 

change. The developed patterns can be used to evaluate the results of mathematical 

models. In this section, the following sets of information have been used to study such 

patterns: surface and subsurface monitoring of faulting and fracturing, recordings of 

wellbore failure, and experimental modeling of fracturing/faulting. Following, these data 

are studied in details. 

Induced fracturing/faulting has been observed in several production sites. 

Evidence of production-induced fracturing and faulting can be classified in four 

categories with respect to the fault type and location: The first category includes high-

angle normal faults down dipping towards the reservoir which have been observed on 

the surficial parts of the peripheral deformation region (the so called ‘periphery of 

subsidence bowl’) during hydrocarbon production from the Wilmington oil field in Long 

Beach, California, Goose Creek and Mykawa oil fields in Texas, Inglewood and Kern 

Frent oil fields in California and during Frasch-process extraction of sulfur in the Texas 

Gulf Coast (Yerkes and Castle, 1970). The second category includes low-angle thrust 

faults in the central deformation region in the caprcock as observed in the Wilmington 

oil field, California (Dusseault et al., 2001), and the Buena Vista oil field in California 

(Yerkes and Castle, 1970; Segall, 1989). The third category includes high-angle thrust 

(reverse) faults within the central deformation region as observed during production 

from the Lacq gas reservoir in France (Feignier and Grasso, 1999). The fourth category 

includes low-angle thrust fault reactivation in the underburden, as observed immediately 

below the Strachan reservoir in Alberta, Canada (Wetmiller, 1986). 
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In general, casing shear is more common on the shoulders of the structure and it 

is more intense near the reservoir. For example, in the Ekofisk oil field, the 

concentration of well failures occurred 160m above the reservoir top (Dusseault et al., 

2001). The vast majority of well damage at Wilmington was related to bedding-plane 

slip and low-angle faulting in the central deformation region and near the shoulders of 

the reservoir (Dusseault et al., 2001). 

Experimental studies conducted by Odonne et al. (1999) and Papamichos et al. 

(2001) identified very useful information on fracturing in the surrounding rock during 

production. Odonne et al. (1999) experimentally modeled reservoir depletion using two 

different models: by deflation of a balloon, and by pumping air from an under-

compacted ground sand volume. Results obtained using these two methods are shown in 

Figures 6.13a and 6.13b. Papamichos et al. (2001) used a trap door mechanism to 

investigate the problem of production from the reservoir as shown in Figure 6.13c. In all 

three of these experiments, a cohesionless sand with a coefficient of internal friction of 

0.6 was used as the surrounding material. Different colouring agents were added to this 

sand to define the layers visible in Figures 6.13 to 6.14, in order to facilitate the 

identification of offsets along the induced fault surfaces.  As shown in Figures 6.13a to 

6.13c, the results of these three experiments are similar: shear failure slip lines form a 

cone-shaped volume which starts with steep slopes (about 70 °- 90°) from the reservoir 

boundaries and continues towards the surface while its slope reduces (about 30°).  

6.3.4. Patterns of fracturing observed in mathematical modeling  

Patterns of fracturing within a field may be studied using the mathematical 

approach developed in section 5.3.1. For this purpose, the rock in the field was 

considered to be cohesionless with a coefficient of internal friction of 0.6, similar to 

experimental modeling conducted by Odonne et al. (1999) and Papamichos et al. (2001). 

It is important to note that, due to the lack of cohesion, the dominant mode of fracturing 

is shear failure and no tensile failure is plausible. [It should be noted, however, that in a 

real field case with cohesive rock, during injection, especially within the reservoir, 

tensile fractures are likely to occur] Using this method, the critical pressure change for  
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Figure 6.13. Depiction of slip-lines in experimental tests for modeling induced 
fracturing: (a) Reservoir has been modeled by a deflated balloon (after Odonne et al., 
1999); (b) Reservoir has been modeled by pumping from under-compacted ground sand 
volum (after Odonne et al., 1999); and (c) reservoir has been modeled by a trap-door 
(after Papamichos et al., 2001) 
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fracturing can be determined in the entire field by using only equation (5.10). As with all 

of the induced fracturing analyses presented in this thesis, the effects of localized 

fracture displacements on the post-fracturing evolution of stress and strain fields is not 

considered. 

Figures 6.14a-6.14d show the results of critical pressure change analysis and 

directions of slip lines for two different cases of normal fault stress regime (i.e., 

K0=0.85) and thrust stress regime (i.e., K0 = 1.1)  during production and injection. In 

these figures, values of critical pressure change have been normalized by the average 

ambient reservoir pressure (P0(reservoir)). Obviously, pressure changes with a magnitude 

more than this value are not practically possible during production from a real field case. 

In addition, it can be claimed that during injection this value might be an approximate 

upper-bound for reservoir pressure change to avoid tensile fractures. Therefore, the 

values based on these limitations have been shown in color. [Note, however, that for 

experiments conducted by Odonne et al. (1999) and Papamichos et al. (2001), due to 

considering a different mechanical system instead of a reservoir, which allows more 

deformation in the surrounding rock, failure might occur in conditions which are 

equivalent to higher pressure changes as shown with uncolored contours in Figure 6.14.]     

Figures 6.14a and 6.14b demonstrate the critical pressure change during 

productionfor normal and thrust stress regimes, respectively. The patterns of fracturing 

in both cases are very similar. The only difference is the magnitude of critical pressure 

change for fracturing which varies depending on the initial magnitude of in-situ stresses. 

For example, induced fracturing in the surfacial part of the central deformation region is 

more plausible in a thrust fault stress regime than the case of a normal fault stress 

regime. This occurs because the initial value of the horizontal stress is larger than the 

vertical stress in the former case. In the latter case, it must first increase to the point 

where it exceeds the vertical stress before further pressure change migrates the stress 

state towards the critical state. These figures show that a less sensitive region forms in 

the overburden immediately above the reservoir and under it. In general, based on these 

figures, during production, there are four recognizable regions with high sensitivity to 

fracturing:  
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Figure 6.14. Contour map of critical pressure change and slip-line orientation for: (a) 
Production from a reservoir with an initially normal fault stress regime; (b) Production 
from a reservoir with an initially thrust fault stress regime; (c) Injection in a reservoir 
with an initially normal fault stress regime; and (d) Injection from a reservoir with an 
initially thrust fault stress regime.  
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1) Bubble–shaped regions located above the flanks and shoulders of the reservoir and 

around the zero-strain line (see Figure 6.9). The spatial extents of this region explain the 

occurrence of wellbore failures locations during production (e.g., Ekofisk and 

Wilmington oil fields (Dusseault et al., 2001)). The orientation of shear slip-lines in this 

region shows that the formation of slip lines (i.e., fracturing or faulting) starts from the 

corners of the reservoir with a high angle, and with increasing pressure depletion it 

grows upwards towards the surface while its slope decreases. This behavior is consistent 

with the experimental observations of induced fractures by Odonne et al. (1999) and 

Papamichos et al. (2001) (see Figures 6.13a-c), which shows that cone-shaped sliding 

volumes form above the reservoir during production. 

2) Ground surface in the central deformation region where low-angle slip-lines form in a 

thrust fault stress regime. This pattern is very similar to field observation of thrust faults 

in Wilmington oil field in Wilmington oil field (Dusseault et al., 2001), Buena Vista oil 

field in California (Yerkes and Castle, 1970 and Segall, 1989); 

3) Ground surface in the peripheral deformation region where high-angle slip-lines form 

in a normal stress regime. This pattern is similar to  field observations in Wilmington oil 

field in Long Beach, California, Goose Creek and Mykawa oil fields in Texas, 

Inglewood and Kern Frent oil fields in California and in a sulfur field in Texas Gulf 

Coast (Yerkes and Castle, 1970); 

4) Underburden, near the reservoir shoulders and flanks, where low-angle slip-lines 

form. This pattern was observed immediately below the Strachan reservoir in Alberta, 

Canada (Wetmiller, 1986). 

These facts show that the results of the proposed methodology are consistent 

with the field and experimental observation of induced fracturing-faulting during 

production. These might be questioned from a practical perspective they do consider the 

effect of induced fracturing at any point on the subsequent stress state evolution and 

consequently on the critical pressure change in other points of the field.  However, the 
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correlation between the field and experimental observations show that this methodology 

can be used with reasonable confidence to model stress evolution and induced stress 

change in a field, though its accuracy would be expected to diminish with increasing 

inelastic deformation. 

Figures 6.14c and 6.14d demonstrate the patterns of fracturing for the analogous 

case of injection within the reservoir when the initial stress state is, respectively, a 

normal fault stress regime (K0=0.85) and a thrust fault stress regime (K0=1.1). These 

results show that the regions with high sensitivity to fracturing are: the central 

deformation region in the overburden where high-angle slip-lines form, and a region 

immediately below the reservoir where similarly normal high-angle slip-lines form. In 

the critical state, a normal fault stress regime forms in both regions, hence the case of 

initially normal fault stress regime is much more sensitive to pore pressure increase 

within the reservoir. From these figures, close to the flanks of the reservoir, where there 

is high sensitivity to the reservoir pressure change, the slip-lines are almost vertical. This 

shows that during injection, potentially, a slipping cylinder forms around the reservoir 

which later joins the sub-vertical fractures formed near the surface. Figures 6.14c and 

6.14d show that low-angle thrust fault slip-lines form in small regions close to flank in 

the side-burdens. 

Figures 6.15a and 6.15b show the orientation of maximum principal stress (1)  

during production and injection, respectively,  when a hypothetical stress state is reached 

in which stresses are critical throughout the entire field (i.e., the pressure change is 

critical in every point of the field). These figures show the occurrence of the previously 

introduced concept of a ‘cavity pattern for the in-situ stress evolution resulting from pore 

pressure change within the reservoir.  
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Figure 6.15. Direction of maximum principal stress when the entire field is in a critical 
state: (a) During injection; and (b) During production.  
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6.4. Fault reactivation analysis in the Lacq gas field, France 

The Lacq gas field is located in the southwestern part of France. Fluid production 

started in 1959, and from 1969 to 2002 more than 1000 earthquakes (with magnitudes 

between 1 and 4.2) have been monitored (Bardainne et al., 2003). Before the onset of 

production neither historical nor instrumented monitoring program had revealed any 

seismic activity in this zone for several hundred years (Grasso and Wittlinger, 1990), 

and the nearest historical events were located on the North Pyrenean faults, some 30 km 

from the gas field (Lahaie and Grasso, 1999). In fact, the spatial distribution of these 

events in the region of the gas field is obviously different from regional seismicity 

observations (Feignier et al., 1990). It has been concluded that the events near the gas 

field are associated with reactivation of pre-existing faults and fractures (Guyoton et al., 

1992). The objective of this case study is to determine the predicted reactivation 

tendencies of faults in this field, and to evaluate the developed methodologies for 

induced stress change and fault reactivation analyses this research by comparison to 

interpreted seismic event locations. 

6.4.1. General characteristics of the reservoir 

The depth of the gas field is from 3200 m to roughly 6000 m (Guyoton et al., 

1992). The geological structure is an elongated dome, with its major axis in the 

northwest-southeast (120°N) direction (Feignier and Grasso, 1990). The gas-producing 

strata are within dolomitic sandstones and limestones of Portlandian to Barremian age. A 

500 m thick, impermeable marly layer of lower Aptian age acts as the seal for the 

reservoir. A 2000 m thick Albo-Aptian calcareous reef lies above the marly layer. A 

small oil reservoir is located above this reef, and molassic Tertiary strata cap the oil field 

(Feignier and Grasso, 1990). 

The gas reservoir consists of two zones. The upper zone level is made up of very 

low porosity (e.g., 0.1% to 6%) carbonate strata, while the lower zone consists of 

dolomites with porosities between 0.1 of 6%, decreasing to 0.1% at the base (Segall et 

al., 1994). The average porosity of the reservoir is 3.5% and its effective thickness is 
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between 250 to 450 m. Matrix permeability is very low throughout the reservoir, but a 

high density of natural fractures are present (Segall et al. 1994). As quoted by Segall et 

al. (1994), de Lanlay (1990) used numerical simulation and history matching to interpret 

reservoir permeabilities decreasing from 500 millidarcies near the crest of the structure 

to 0.035 millidarcies at the flanks (Note: an intrinsic permeability of 1 millidarcies is 

roughly equivalent to 1e-15 m2 in S.I. units, which is roughly equivalent to hydraulic 

conductivity of 1e-8 m/s or 0.086 m/day).  

6.4.2. In-situ stress state and pressure  history 

The present-day in-situ stress regime in the Lacq gas field is unclear (Segall et 

al., 1994). The results obtained using two different models for locating and 

characterizing seismic events have been contradictory. Using a velocity model 

interpreted by Grasso and Wittlinger (1990), the results are mainly consistent with a 

thrust fault stress regime. However, using a three-dimensional velocity model by 

Guyoton et al. (1992), interpreted focal points are significantly deeper and show 

different stress regimes for different periods of gas production from the field. 

The initial gas pressure was 66 MPa at 3700 m depth below sea level in 1957, 

which indicates a highly overpressured state (Segall et al., 1994). During production, the 

pore pressure decreased to 7 MPa in 2002 (Bardainne et al., 2003). The pore pressure 

distribution over the central portion of the reservoir has been remarkably uniform during 

production (Segall et al., 1994).  

6.3. Geomechanical properties  

Grasso and Feignier (1990) reported the average values of elastic properties of 

different strata in the Lacq gas field based on laboratory tests on cores. Average values 

for Young’s modulus of 54 GPa, 33 GPa and 60 GPa were interpreted for the reservoir, 

marls and calcareous reef, respectively. Average values for Poisson’s of 0.25, 0.27-0.33 

and 0.3 were interpreted for the reservoir, marls and calcareous reef, respectively. Based 

on these reported values, average shear moduli of 21 GPa for the reservoir, 12 GPa for 

the marl, and 23 GPa for the reef have been calculated. A Biot’s coefficient value of 
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0.25 has been suggested by Segall et al. (1994) for the reservoir rock. For lack of 

directly-available measurements, a commonly accepted value of 0.6 (e.g., Chan 

andZoback, 2002) has been assumed for the coefficient of friction (μs) for fault planes in 

the field. 

6.4.4. Induced stress change analysis 

A plane strain analysis of the northeast-southwest section of Lacq gas field (i.e., 

approximately perpendicular to the major axis of the elongated dome) with an effective 

reservoir thickness of 250 m (Feignier and Grasso, 1990) was undertaken in this work. 

The geometric context of the field is illustrated in Figure 6.16. Induced stress change 

analysis was conducted using the inclusion theory model discussed in Chapter 3. 

Because the model used is semi-analytical (i.e., numerical integration is required), it 

possesses more flexibility for the specification of reservoir shape than an analytical 

solution would. As such, the actual cross-sectional shape of the reservoir was input to 

the model, rather than an idealization such as a rectangle or ellipse. It should also be 

noted that, although the semi-analytical model is capable of accounting for non-uniform 

pore pressure changes within the reservoir, a uniform pressure change was used for this 

work. This simplifying assumption is consistent with the interpreted behaviour of the 

reservoir (Segall et al., 1994). 

It might seem that the contrast in material properties between the reservoir and 

surrounding rocks should have an impact on induced stress change predictions.   

However, the ratio of shear moduli in the reservoir to the surrounding rocks for 

Lacq would be between 0.9 and 1.75 (depending on whether the marly rocks or the 

calcareous reef dominate the “surrounding rock” behaviour). Results obtained using the 

theory of  inhomogeneities show that for reservoirs that are elliptical in cross-section, 

the error incurred by neglecting the contrast between the reservoir and surrounding rock 

is at most a few percent for reservoirs with thicknesses much smaller than their widths, 

if the ratio of shear moduli is reasonably close to unity. Given that the Lacq reservoir 

satisfies both of these conditions, it is reasonable to proceed with the simplifying 
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assumption of uniform shear modulus throughout the field. Similarly, as shown by 

Rudnicki (1999) and also in Chapter 3 of this thesis, the effect of Poisson’s ratio of the 

surrounding rock on induced stresses is negligible. Consequently, a value of 0.25 was 

used for Poisson’s ratio of both the reservoir and the surrounding rock in this work. 
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Figure 6.16. Distribution of seismic events corresponding to three fault planes, A, G and 
I, in the Lacq gas field (a) in plan view (b) in cross-section view (after Feignier and 
Grasso, 1990) 
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The results of induced stress analysis using the theory of inclusions (section 

3.5.2) for the cross-section specified in Figure 6.16 are shown in Figure 6.17. The latter 

shows the distribution of horizontal, vertical and shear normalized stress arching ratios 

in the cross-section analyzed. Positive values of arching ratio in this figure indicate 

tensile stress changes, and negative values indicate compressive stress changes. [Recall 

that ΔP is negative during production and positive during injection.] 

From Figure 6.17a, in the surrounding rock, compressive horizontal stresses are 

induced beneath and above the reservoir, whereas tensile horizontal stresses are induced 

on either side of the reservoir. This stress change pattern is consistent with the results for 

a planar reservoir (i.e., a very long reservoir with rectangular cross-section) computed in 

section 3.5.2. Figure 6.17b shows that, in the surrounding rock, compressive vertical 

stresses are induced on either side of the reservoir, whereas tensile vertical stresses are 

induced beneath the reservoir. These facts are consistent with the induced stress pattern 

for a planar reservoir (section 3.5.2.). However, during production in a planar reservoir, 

all the regions above the reservoir experience tensile stress changes in the vertical 

direction. In the case of this arched-shaped reservoir, induced vertical stress changes are 

predicted to be compressive above the crest of the reservoir. Figure 6.17c demonstrates 

that, similar to results for a planar reservoir, shear stresses are mainly concentrated on 

the corners of the reservoir - although there are some perturbations in the in-situ stresses 

near the crest of the reservoir.  

6.4.5. Fault reactivation analysis  

The geometries (e.g., strike, dip, slip direction) for the reactivated fault planes in 

the Lacq gas field interpreted by Feignier and Grasso (1990) were adopted for this work. 

By using the spatial distributions of monitored seismic events, they implemented 

composite mechanisms to localize these reactivated fault plane geometries. Fifteen fault 

planes were recognized in their work. The appropriate fault planes to use in this study 

were selected from these fault planes based on two major criteria: 
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Figure 6.17. Contour plots of normalized stress arching ratios predicted for the Lacq 
field: (a) normalized horizontal stress arching ratio (γα(H)) (b) normalized vertical stress 
arching ratio (γα(V)) (c) normalized shear stress arching ratio (γα(HV)). 
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Figure 6.17 (Continued). Contour plots of normalized stress arching ratios predicted for 
the Lacq field: (a) normalized horizontal stress arching ratio (γα(H)) (b) normalized 
vertical stress arching ratio (γα(V)) (c) normalized shear stress arching ratio (γα(HV)). 

1. The fault planes must have a roughly northwest-southeast strike direction, which 

is roughly perpendicular to the reservoir cross-section that was analyzed. This 

criterion is based on the plane strain nature of the analysis, and the limitation of 

the Coulomb Stress Change methodology developed for this work - which is 

restricted to thrust and normal fault stress regimes. 

2. The event locations must be reasonably close to the cross-section analyzed.  

Using these criteria, three fault planes (identified as A, I and G in Feignier and 

Grasso, 1990) were selected for analysis in this work. These fault planes dip towards 

northeast (i.e., δD=-1 in equation 4.4) with dip angles (θ) equal of 35, 40, and 45 

degrees. To simplify the presentation of results in this paper, an average fault plane dip 

angle of 40° was assumed for all three fault planes (more detailed analyses were 

conducted to confirm that the effect of 5° variations in dip angle had minimal effect on 

the results). The locations of seismic events associated with these fault planes are shown 
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in Figure 6.16. Apparently, the seismic events for these three fault planes occur mainly 

close to the northern flank of the reservoir.  

The results of the induced stress change analysis were used in combination with 

the fault reactivation factor (λ) to evaluate the reactivation tendencies of the three 

relevant fault planes. Using equation 4.3, a negative value of λ at a given point during 

production results in a positive value for the Coulomb Failure Stress Change (ΔCFS), 

indicating an increased likelihood of fault reactivation. Therefore, the λ = 0 contour 

defines the border between regions of increased and reduced fault reactivation potential. 

Due to the unclear nature of the stress regime for in the Lacq gas reservoir, fault 

reactivation analyses were carried out for both normal and thrust fault stress regimes 

(Figure 6.18a and 6.18b), to assess the consistency of each scenario with monitored 

seismic events in the field.  

Comparison of focal points in Figure 6.18a with Figure 6.16b indicates that, for a 

normal fault stress regime scenario, there is no correlation between the spatial 

distribution of seismic events and the likely regions for the fault reactivation (i.e., 

regions with negative values for λ). Conversely, Figure 6.18b shows a very good 

correlation between the predicted fault reactivation regions and seismic event locations 

shown in Figure 6.16b. Therefore, in this poroelastic analysis of the Lacq reservoir, the 

argument for a thrust fault stress regime is much more persuasive than a normal fault 

stress regime. This is in agreement with the results achieved by Segall et al. (1994) using 

their poroelastic axisymmetric model for fault reactivation analysis within the Lacq gas 

reservoir. 

An alternative, and potentially more accurate way of presenting the results 

obtained with this methodology is based on the concept of a critical threshold value for 

ΔCFS. As mentioned earlier,  it is suggested that values of  ΔCFS as small as  0.1 MPa 

can perturb the stress state sufficiently to reactivate faults that are initially close to being 

critically stressed (e.g., King et al., 1994). Given the fact that the pore pressure change 

had been roughly 45 MPa at the time that seismic events were used to interpret fault 

locations (Grasso and Feignier, 1990), the corresponding effective pore pressure change 
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Figure 6.18. Contour plots of predicted fault reactivation factor (λ) for faults in the Lacq 
field dipping 40° northeast, with strike perpendicular to the cross-sectional plane, in (a) a 
normal fault stress regime, and (b) a thrust fault stress regime. 
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 (αΔP) was approximately 11 MPa. Substituting this value in equation 4.3 gives a value 

of λ= -0.01 as a threshold for fault reactivation in the Lacq gas field. The contour for this 

threshold value is denoted using hash marks in Figure 6.18b. Comparing the potential 

region of fault reactivation enclosed by this contour with the recorded seismic events in 

Figure 6.16b demonstrates that almost all focal points lie within this region; i.e., there is 

a very strong correlation between the developed model and the field data. These results 

suggest that the proposed poroelastic stress change model, used in conjunction with a 

Coulomb Failure Stress Change criterion, is capable of predicting locations prone to 

fault reactivation with acceptable accuracy. 
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6.5. Fault reactivation and induced fracturing analyses within the Ekofisk Oil and 

Gas Reservoir, North Sea 

The Ekofisk Oil Field is located in the Norwegian sector of the North Sea 

(Figure 6.19). In 1984, it was observed that the seabed over the Ekofisk Field had 

subsided by 3 m (Sulak, 1991). Although waterflooding commenced in this field in 

1987, subsidence has continued at an almost constant rate (Rutledge et al., 1994) and it 

has experienced more than 10 m of subsidence (Dusseault et al., 2001). Seismic events  

Figure 6.19. Location map of Ekofisk oil and gas field (from Zoback and Zink, 2002)  
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have been recorded throughout the reservoir’s producing life (Rutledge, 1994; Maxwell 

et al., 1998; Streit and Hillis, 2002). Also, there have been some casing failures in the 

shale caprock (Schwall et al., 1994) and appreciable gas leakage through the shale 

caprock, probably by flow through faults (Munns, 2003). All of this evidence suggests 

that fault reactivation has occurred and/or new fractures have been induced within the 

reservoir and surrounding rocks. A study on the induced microseismicity in this field 

shows that the seismic events analyzed in detail near the central part of the reservoir 

were, in plan view, concentrated in lineations parallel to the dominant orientation of 

existing faults (NNE-SSW and NW-SE) which suggest that they have been triggered by 

the reactivation of the existing faults (Maxwell et al., 1998; Maxwell and Urbancic, 

2001). However, some researchers have considered the induced fracturing as a 

responsible reason for the induced seismicity within the reservoir (e.g., Rutledge et al., 

1994). Due to considerable evidence of fault reactivation and/or induced fracturing well-

documented nature of subsidence and stress-depletion response during production, the 

Ekofisk field has been selected as a case study to illustrate the use of the methodologies 

presented previously for induced stress change analysis, fault reactivation, and induced 

fracturing assessment.  

6.5.1. Reservoir characteristics 

The Ekofisk structure is an elongated anticlinal structure with a principal fold axis in an 

approximately north-south direction. The depth to the crest of the anticline is 

approximately 2840 m. The areal extent of the reservoir is 6.8×9.3 km (Lewis et al., 

2003). The average thickness of the oil column is 300 m, including both the Ekofisk and 

Tor formations (Goulty, 2003). According to in-situ measurements (Teufel, 1987), 

reservoir pressure has been depleted in the crestal area of the field from approximately 

45 MPa in 1975 to 25 MPa in 1990. During this time, minimum horizontal stress 

decreased from approximately 51 MPa to 35 MPa. A linear relationship has been 

observed between minimum horizontal stress and reservoir pressure over this time 

period, with a K value of 0.8 as shown in Figure 6.20 (Teufel, 1987). Stated in terms 

consistent with the material presented in this paper, and using a value of 1.0 for Biot’s  
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Figure 6.20. Plot of total minimum horizontal stress vs. pore pressure in the Ekofisk 
field (after Teufel, 1989) 

coefficient (see below), this means that the horizontal normalized stress arching ratio for 

the Ekofisk reservoir is 0.8.  

6.5.2. Geomechanical properties 

There is a broad scatter of values interpreted for the elastic properties of the 

Ekofisk reservoir and surrounding rocks reported in the literature. Proposed values for 

Young’s modulus of the reservoir vary between 0.05 GPa to 2.2 GPa, where values for 

the surrounding rocks vary from 1.1 GPa to 14 GPa (Gutierrez and Hansteen, 1994; 

Boade et al., 1989; Lewis et al., 2003). Proposed values for Poisson’s ratio vary from 

0.15 to 0.25 for the reservoir and 0.20 to 0.42 for the surrounding rocks (Gutierrez and 

Hansteen, 1994; Boade et al., 1989; Lewis et al., 2003; Segall and Fitzgerald, 1998). As 
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a rough estimation, based on the literature data and the results of back analyses 

conducted by the authors, it seems reasonable to consider a contrast between reservoir 

rock and surrounding rocks which correspond to a shear modulus ratio (Rμ) equal to 0.1. 

This means that the shear modulus of the surrounding rocks is 10 times larger than the 

reservoir’s shear modulus. Also, a value of 0.20 for the Poisson’s ratio of the reservoir is 

deemed to be a reasonable estimate. Given the aforementioned lack of sensitivity of 

stress arching ratios to Poisson’s ratio of the surrounding rock, a value of 0.20 was also 

assumed for this parameter. Based on laboratory experiments, Teufel and Rhett (1991) 

proposed a value of 1.0 for Biot’s coefficient for the highly fractured Ekofisk reservoir 

rocks. 

Although the Ekofisk oil field is one of the most thoroughly documented 

reservoirs with respect to geomechanical analysis, differing values occur in the literature 

for some key parameters such as rock mechanical properties, vertical stress arching 

ratio, etc.. In this section, the dataset listed in Table 6.1 will be considered as a base case 

scenario for analyzing induced fracturing and fault reactivation potential within the 

reservoir, and then other suggested values for key parameters will be used to guide a 

parameter sensitivity analysis of induced fracturing. 

6.5.3. Induced stress change analysis 

To obtain a first estimate of induced stress change, the solution developed based 

on the theory of inclusions may be used (identical material properties for both the 

reservoir and the surrounding rock). Substituting a reservoir aspect ratio (e) of 0.044 

(i.e., 300 m / 6800 m) and a depth number (n) of 1.20 (i.e., 3400 m / 2840 m) for the 

Ekofisk field in equation (3.40), the normalized horizontal and vertical stress arching 

ratios are found to be 0.71 and 0.02, respectively. This estimated value of 0.71 is not 

very different from the measured value of 0.8. Given the apparent contrast between 

material properties of the reservoir and surrounding rocks, it would be more reasonable 

to use the theory of inhomogeneities for the Ekofisk reservoir. Due to the small aspect 

ratio of this reservoir, the use of this full-space solution is deemed acceptable. Using a 

reservoir aspect ratio of 0.044 in equation (3.101), the horizontal and vertical normalized  
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Table 6.1. List of characteristics of Ekofisk oil field, North Sea, applied in this study 
 

Parameter set Parameter value 
Length (1) 9.3 km 
Width (1) 6.8 km 
Thickness (2) 300 m 
Overburden thickness (1)  2840 m 

Reservoir 
geometry 

Average depth 3000 m 
Vertical (3) 61 MPa 
Horizontal (minimum) (3) 51 MPa 
Horizontal (maximum) (3) Unknown 

Initial in-situ 
stresses and 
reservoir pressure

Pore pressure (3) 45 MPa 
Horizontal stress arching 
ratio (3) 

0.8 

Vertical  stress arching 
ratio(3) 

0 

Reservoir 
pressure change  

Reservoir pressure change 
(until 1990)(4) 

>20 MPa 

Biot’s coefficient (α) (3) 1.0 
cohesion (c) (4) 1 MPa 

Reservoir rock 
mechanical 
properties coefficient of friction 

(μs)
(4) 

0.6 

λp 0.75 
K0 0.85 
c* 0.04 
Rσ 0.2 
R (Normal) 0.32 

Calculated 
parameters to be 
used in this paper 

R (Thrust) 3.12 
 

(1) Lewis et al. (2003) (2) Goulty (2003) (3) Teufel and Rhett (1991) (4) Streit and Hillis 
(2002) 

stress arching ratios are found to be 0.80 and 0.18, respectively. This value of the 

horizontal arching matches the value found by Teufel and Rhett (1991). However, 

Teufel and Rhett (1991) and other authors (e.g., Zoback and Zink, 2002; Goulty, 2003) 

implicitly assumed that there has been no change in vertical stress in the Ekofisk 

reservoir stress because of its large lateral extent relative to its thickness. This 

assumption differs markedly from the result obtained using the poroelastic model 

presented in this thesis; i.e., a predicted vertical stress change that is 18% of the pore 

pressure change. Clearly, field measurements of vertical stress changes would be 
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beneficial for assessing the accuracy of this model’s predictions, which may have 

significant implications in some reservoirs. 

6.5.4. Rock fracturing tendency 

Ekofisk is set in a normal fault stress regime, and Rσ is less than R (see Table 

6.1). Therefore, based on Table 5.1 (or Figure 5.2), the reservoir rock has a tendency 

towards failure during production. During injection, for smaller values of reservoir 

pressure change - which are common for reservoirs undergoing waterflooding during 

hydrocarbon recovery - the stress state moves away from the failure criterion (i.e., 

stabilization). As a different scenario, for higher values of injection the initially normal 

fault stress regime changes to a thrust fault stress regime and, consequently, any 

additional pressure increase leads to a tendency towards shear fracturing. However, 

during injection, tensile fracturing in the rock occurs before shear fracturing and 

horizontal tensile fracturing is the dominant mode of fracturing.  

6.5.5. Critical pressure change for fracturing 

Using equation (5.4) and the input data given in Table 6.1, two different values 

for critical pressure change to induce shear fractures within the reservoir are calculated: 

ΔPf = -16.6 MPa (pressure change during production) and ΔPf =16.3 MPa (pressure 

change during injection). The Mohr-circles corresponding to these two cases are shown 

in Figure 6.21. From this figure, the value of the critical pressure change to induce shear 

fracturing during production is less than the actual pressure change that the reservoir 

experienced during its producing life (i.e., roughly -20 MPa). Also, during the 

hypothetical case of injection within the Ekofisk oil field, horizontal tensile fractures 

would likely be induced before any shear fracturing would occur (i.e.,  (ΔPf)T (H) =16 <  

16.3 MPa). It is worthy to note that during injection, the dilation occurring as a result of 

shear fracturing would result in some amount of reduction in pore pressure in the fault 

zone. However, due to the increase in permeability likely associated with dilation, this 

reduction would likely be short-lived; fluid flow into the fault zone would occur, hence 

re-equilibrating the local pressure with the larger-scale reservoir pressure.  
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Figure 6.21. Stress state in shear failure state for Ekofisk oil field, North Sea. Note that, 
in this case, tensile failure would precede shear failure during pressure increase (i.e., 
injection). 

6.5.6. Sensitivity of induced fracturing to in-situ stresses  

The in-situ stress state is one of the major uncertainties for many hydrocarbon reservoirs 

(e.g., Segall et al., 1994; Jimenez, 2006).  Therefore, developing a framework for 

studying the effect of in-situ stress on the tendency towards fracturing is essential for 

studying many reservoirs where the required data are not available. In this work, the 

effect of in-situ stress on induced fracturing within the Ekofisk reservoir has been 

studied by changing the lateral stress coefficient (K0). In practice, the value of K0 is 

constrained by two main conditions: no tensile stress (i.e., σ′H0 > 0 and σ′V0 > 0) and no 

shear failure in the in-situ stress state. The first condition leads to a minimum value for 

the K0 as follows:  

1)min(  pTK                                          (6.1) 

The second condition can be verified by using equation (5.2). Solving this 

equation to find the boundary values of K0 in the initial stress state leads to the following 

equation: 
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)21()1( *
0   RcRK Fpp                       (6.2) 

Equation (6.2) gives two values for K0: a minimum (i.e., Kmin(S)) for a normal 

stress regime (F = 1) and a maximum (i.e., Kmax(S)) for a thrust stress regime (F = -1). 

Given these two conditions, any sensible value of K0 must fit within the range shown by 

the following inequality: 

  )max(0)min()min( ,max SST KKKK                                  (6.3) 

Using equations (6.1) to (6.3) the sensible range of values for K0 within the 

Ekofisk reservoir is between Kmin(S)=0.80 and Kmax(S)=1.61 (note that Kmin(T) = 0.74 <  

Kmin(S)). Figures 6.22a and 6.22b show the results of a sensitivity analysis of induced 

fracturing for K0 values varying across this range. Figure 6.22a shows the results of 

using equations (5.4) and (5.6) through (5.8) to study the variation of critical pressure 

change during injection and production as a function of lateral pressure coefficient, and 

Figure 6.22b demonstrates how the fracturing mode evolves with changing lateral 

pressure coefficient.  

From Figures 6.22a and 6.22b, during production, when 0.80<K0<0.89 sub-vertical 

shear fracturing would occur in a normal mode of fracturing, and critical pressure 

change increases with increasing K0. For values of K0 more than 0.89, the critical 

pressure change would be more than the in-situ pressure of the reservoir and so 

fracturing is unlikely to occur.  During injection, with gradually increasing K0, the 

fracturing mode varies from a horizontal tensile fracturing mode for 0.80 < K0 < 0.89, to 

a thrust mode of fracturing for 0.89 < K0 < 1.61 where the critical pressure change 

decreases gradually. These results emphasize the significant influence of in-situ stress  
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Figure 6.22. Sensitivity analysis on the lateral pressure coefficient (K0) for the Ekofisk 
oil field (a) Critical pressure change to induce fracturing, and (b) evolution of the stress 
state in a horizontal-vertical effective stress (σ΄H-σ΄V) coordinate system. Solid diamonds 
in both figures refer to the Ekofisk in-situ stresses referenced in Table 6.1. 
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state on the critical pressure change, fracturing mode and orientation, hence highlighting 

the importance of in-situ stress measurements for accurate geomechanical analysis of 

reservoirs. 

6.5.7. Sensitivity of induced fracturing to the stress change path  

As mentioned above, in relatively rare cases where field measurements of stress change 

have been made, these measurements have generally been limited to the change in the 

minimum horizontal stress. Sometimes, even for this particular component of stress, 

different stress change parameters have been proposed in the literature (e.g., see Table 

2.1). Measurements aside, during the early ages of field development, estimation of 

induced stress change is only available from modeling analyses. Depending on the 

underlying assumptions and simplifications of the model used, differing stress change 

parameters may be predicted. These uncertainties and discrepancies underline the 

importance of studying the sensitivity of the induced fracturing to stress change 

parameters (i.e., stress arching ratios and stress path ratio) which, for this reason, has 

been conducted in this work for the Ekofisk field. The results, shown in Figures 6.23 and 

6.24, demonstrate how the critical pressure and fracturing mode change with variations 

in horizontal and vertical normalized arching ratios (γα(H) and  γα(V)) and, consequently, 

with changing stress path ratio (R). As seen in these figures, during injection, by 

increasing γα(H) from zero to one, which corresponds to a decrease of R from one to 

zero, the mode of fracturing gradually changes from shear fracturing in a normal mode 

to a vertical tensile fracturing, and then to a horizontal fracturing mode and finally to a 

shear fracturing in a thrust mode. Vertical stress change has commonly been considered 

negligible for reservoirs of large lateral extents by virtue of the assumption that 

deformation within them is uniaxial (i.e., γα(V) = 0). Regrettably, in practice, there is no 

field measurement to assess the validity of this assumption. Analytical and numerical 

models do show, however, that arching may have a very significant effect leading to 

reduction of the contractile strains within the reservoir and redistribution of the in-situ 

stresses. For instance, Mulders (2003) states that for small reservoirs made up of weak 

rocks, about 50% of the vertical stress change may be arched away. Using 3D modeling,  
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Figure 6.23. Sensitivity analysis on the stress change path: (a) Variation of critical 
pressure change as a function of stress arching ratios (γα(H), γα(V)); Solid diamonds refer 
to the Ekofisk reference stress change parameters given in Table 6.1, and open diamonds 
refer to stress change parameters calculated using the theory of inhomogeneities.    

Kenter et al. (1998) showed that there was 20% to 30% vertical arching during depletion 

of the Shearwater gas reservoir, in the northern North Sea. For the case of the Ekofisk 

oil field, poroelastic modeling conducted using the theory of inhomogeneities in section 

6.5.3 suggests a value of 0.18 for the normalized vertical arching ratio within the 

reservoir (i.e., Rσ = 0.24). Figures 6.23 shows that, for this value of γα(V), the critical 

pressure change for fracturing during production (Pf =31.9 MPa) is about 48% more 

than the value for the reference case which considers a zero value for γα(V) (Pf = 16.6 

MPa). For the case of injection, the change with respect to the reference case (γα(V) = 0) 

is a 22% increase (from 16 to 19.5 MPa), where horizontal fracturing occurs in a tensile 

mode.  
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Figure 6.24. Evolution of stress state in a horizontal-vertical effective stress (σ́H - σ́V) 
coordinate system for three different stress path ratios: Rσ=0.2 which refer to the Ekofisk 
stress change parameters given by Teufel and Rhett (1991), Rσ=0.244 which refers to the 
stress arching ratios calculated using theory of inhomogeneities, and Rσ=1.0 which refers 
to the condition of no total stress change within the reservoir (e.g., γα(H) =0 and γα(V)=0) .   

Due to the hysteretic character of reservoir rocks, a substantial difference 

between production and injection (i.e., loading and unloading of rock) effects is 

expected (Holt et al., 2004). This is probably because of the irreversible pore size 

reduction and/or pore collapses during previously conducted production from a 

reservoir. A measurement of injection-induced stresses reported by Santarelli et al. 

(1996) shows that no considerable change in stresses in the reservoir occurs after 

injection (see Table 2.1). This evidence suggests that the stress arching ratios for a 

depleted reservoir, when subsequently subjected to injection, might be close to zero (i.e., 
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a value of Rσ close to one). As demonstrated in Figures 6.23 and 6.24, the assumption of 

such a value for Rσ during injection in a normal fault stress regime leads to sub-vertical 

shear fractures which occur in a normal fracturing mode; for comparison, for the case 

where Rσ during injection is assumed to be identical to its value during production, 

fracturing would occur in a horizontal tensile fracturing mode. In addition to a change in 

fracturing mode, in the case of zero stress change, the critical pressure change would be 

less. These results show that ignoring the potential effect of hysteresis might lead to a 

significant over-estimation of the value of critical pressure change for fracturing within 

the reservoir.  

6.5.8. Sensitivity of induced fracturing to rock strength  

ider the effect of 

changing these parameters on induced fracturing within the reservoir.  

in a tensile horizontal mode in all cases regardless of the 

reservoir’s shear strength. 

There is often considerable uncertainty in the values of the rock mechanical 

properties required for geomechanical analysis of induced fracturing. In many cases, 

these parameters have not been measured on cores; in other cases, when cores have been 

obtained and tested, there remains a degree of uncertainty (e.g., unknown extent of 

sample disturbance during coring; test conditions that fail to match in-situ conditions; 

sample size effects) and spatial variability that cannot be rigorously accounted for. For 

example, Streit and Hillis (2002) have argued against the accuracy of rock strength 

parameters (i.e., μs = 0.23 and c = 4.1 MPa) measured by Teufel and Rhett (1991) for the 

Ekofisk oil reservoir, stating that these parameters had been measured in experiments 

having a a very limited range of effective normal stresses. Their suggested values were 

μs = 0.6 and c = 1 to 2 MPa. Therefore it seems essential to cons

The results of such a sensitivity analysis are shown in Figure 6.25, which shows 

how the critical pressure change varies with changes in the rock strength parameters 

(i.e., c and μs = tan ). As shown in this figure, for these different sets of data the values 

of critical pressure change during production are considerably different. However, 

during injection, critical pressure change is not affected by differences in these values 

because fracturing occurs 
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From Figure 6.25, for any value of cohesion, there is only a sensible range of μs 

which satisfies the condition of stability of the rock in the initial stress state. For 

example, for c = 0, this sensible range is μs >0.51. Also, this figure shows that, during 

production, by increasing the value of μs, the critical pressure change for fracturing 

rapidly increases until a point (μs = 0.90) where R eventually becomes less than R ( = 

0.2); according to Figure 5.2 (or Table 5.1), for μs values exceeding this limit, induced 

fracturing during production becomes impossible. As mentioned previously, during 

injection, because fracturing occurs in a horizontal tensile mode, critical pressure change 

is independent of shear strength for all cases unless the cohesion is negligible. Even in 

this special case, critical pressure change is not really variable due to the fact that 

fracturing occurs in a case referred to here as ‘pseudo-tensile’. Pseudo-tensile mode is in 
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Figure 6.25. Sensitivity analysis on the rock strength parameters (c and μs).  Solid 
diamonds refer to the Ekofisk reference rock strength parameters given in Table 6.1. The 
open circle refers to another value of cohesion (2 MPa) given by Streit and Hillis (2002).  
Open triangle refers to values of rock strength given by Teufel and Rhett (1991) for the 
intact rock’s strength (c = 4.1 MPa and μs = 0.28). The open squares refer to strength 
properties (c = 0, μ = 0.6) given by Streit and Hillis (2002) for the fault surfaces in 
Ekofisk oil field. 
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fact a shear fracturing in a thrust mode while the value of the vertical effective stress 

(V) is negligible. 

Although not really an accurate assumption, there has been a tendency towards 

solving the problem of fault reactivation using the concept of shear failure or so called 

‘faulting’ (e.g., Segall et al., 1994). In this type of solution, an optimum fault dip angle 

equal to the fracturing plane of intact rock (i.e., 45 - /2 in a thrust fault stress regime 

and 45 + /2 in normal fault stress regime) is assumed. Also, in this solution, cohesion 

(c) is usually considered to be zero and μs is the coefficient of friction between two fault 

surfaces. This solution is only valid if the present initial stress state has remained the 

same since the occurrence of faulting within the formation, and the fault orientation has 

not been changed as a result of geological displacements. However, these assumptions 

are not maintained in many real cases. For the case of Ekofisk, Streit and Hillis (2002) 

assumed a value of 0.6 for the friction coefficient on the fault surface. From Figure 6.25, 

for such a value the critical pressure change during production is -7.2 MPa and 

fracturing occurs in a normal mode. However, during injection, the critical pressure 

change is 15 MPa and fracturing occurs in a thrust mode or a ‘pseudo-tensile’ mode. 

Considering that the critical pressure change for fault reactivation during production (7.2 

MPa) is much less than the actual pressure change in the reservoir (~20 MPa), 

reactivation of existing faults may have been a cause for seismic events, leakage and 

subsidence observed during production from the Ekofisk reservoir. However, in the 

following sections, a more detailed study on fault reactivation potential in this reservoir 

is conducted.  

6.5.9. Fault reactivation tendency analysis 

The local stress regime is inferred to favor normal faulting, and a friction 

coefficient of 0.6 is considered to be reasonable for the Ekofisk reservoir chalk (Streit 

and Hillis, 2002). Using the value of 0.24 for Rσ , equation (4.17) can be used to 

determine that the range of fault dip angles tending towards reactivation during 

production is between 44◦ and 77◦. Given that the fault dip angles in the Ekofisk 
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reservoir fall within the upper half of this range, the fact that they were reactivated 

during production is consistent with the model predictions. 

6.5.10. Critical pressure change for fault reactivation 

Knowing the original in-situ stress magnitudes, and using the fault reactivation factor, it 

is possible to use equations (4.28) to (4.36) to find the values of reservoir pressure 

change that lead to fault reactivation for any given normal fault of known dip angle. The 

results for different dip angles are shown in Figure 6.26. This figure shows the value of 

reservoir pressure change required to reactivate faults as a function of dip angle. For 

convenience, the absolute value of reservoir pressure at fault reactivation is also plotted. 

This figure shows that, for fault dip angles occurring in Ekofisk reservoir (i.e., ≥ 65◦), 

reactivation will occur for a reservoir pressure depletion of about 16 MPa. This 

corresponds to an absolute reservoir pressure of 29 MPa. The reservoir pressure has 

been approximately 25 MPa from 1990 onwards (Streit and Hillis, 2002). Clearly, the 

predictions made in this thesis, with a modest amount of input data, are consistent with 

the observed occurrence of fault reactivation. 
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Figure 6.26. Range of fault dip angles that tend towards reactivation during depletion of 
a laterally infinite reservoir in a normal fault stress regime. 
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6.6. Fault reactivation and induced fracturing analyses in the Weyburn oil field, 

Saskatchewan 

The Weyburn oil field is located in southeast Saskatchewan (Figure 6.27). It was 

discovered in 1954 and oil production started in 1955. After a reduction in production 

rates, water-flooding commenced in 1964. Oil production rose to its historical maximum 

in 1966. The production steadily decreased after that time and in 1986 additional vertical 

and horizontal wells were drilled to increase it. However, continuing trend of decreasing 

oil production lead to decision to implement a new recovery method. Therefore, 

Enhanced Oil Recovery (EOR) by injection of carbon dioxide started in 2000. 

Furthermore to enhanced oil recovery, underground storage of CO2 has become major 

objective for this project. The source of the CO2 is anthropogenic, and it is being 

transported from a coal gasification plant in North Dakota, USA using a 300 mile 

pipeline system.  

 

Figure 6.27.  Location of Weyburn field and Williston Basin (from Talbot, 2008) 
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The objective of this case study is to implement the methodologies developed in this 

research to evaluate the caprock integrity of the Weyburn reservoir for storage of carbon 

dioxide through studying the likelihood of induced fracturing and fault reactivation.  

6.6.1. Reservoir characteristics 

The major characteristics of the Weyburn field were reported by Jimenez (2006). 

The reservoir depth is 1450m with a stratigraphic dip of 8.3m/km southward (Figure 

6.28). The initial in-situ pressure and temperature within the reservoir were respectively 

14.5 MPa and 65° C. The stratigraphic section of the reservoir and adjacent strata is 

shown in Figure 6.29. The reservoir consists of two zones: a dolostone Marly zone with 

a thickness of 1-11m, and a limestone Vuggy zone with a thickness of 10-22m. The 

Marly zone has an average porosity of 26%, a low to moderate fracture density and a 

matrix permeability of 0.001 to 0.1 millidarcies.  The Vuggy zone consists of two units: 

first, an Upper Vuggy unit with an average porosity of 10%, a high density of fractures, 

and a permeability of 0.1-100 (average of 10) millidarcies; second, the Lower Vuggy 

unit with an average porosity of 15%, a moderate to high fracture density, and a matrix 

permeability of 1-500 (average 0f 20) millidarcies. The caprock (i.e., Frochisher 

Evaporite) and the underlying layer (i.e., Midale Evaporite) are both low permeability 

anhydrites with very low fracture densities.  

6.6.2. Geomechanical properties 

An extensive study of material properties was conducted by Jimenez (2006). His study 

was based on both core testing and literature review. His results are shown in Table 6.2. 

Because of the existing uncertainty, two different sets of elastic properties data were 

suggested to be applied in geomechanical modeling: stiff elastic properties and soft 

elastic properties of the rock. Values listed in Table 6.2, which are based on these 

scenarios, have been used for induced stress change analysis in this research. It is 

interesting to note that recent, unpublished work conducted by EnCana has suggested 

that the stiff elastic property scenario is more likely. However, as will be shown later, 

Young’s modulus does not have a significant effect on the results of poroelastic stress 
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change analysis and Poisson’s ratio plays the main role. Due to the similarity of values 

for this parameter in both the soft and stiff property cases, the results for induced stress 

change analysis are representative for either case.  
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Figure 6.28. Schematic geological profile of Weyburn field in (a) north-south direction 
and (b) west-east direction (from Whittaker et al., 2004) 
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Figure 6.29. Profile of Mississippian group of geological setting in Weyburn field which 
contain the Weyburn reservoir (From Whittaker et al., 2004) 

 
Table 6.2. Geomechanical properties for Weyburn reservoir and surrounding rock (after 
Jimenez, 2006)  
 

Soft properties 
 

Stiff properties 
 

Coulomb 
properties 

Formation Young’s 
modulus 

(GPa) 

Poisson’s 
ratio 

Shear 
modulus 

(GPa) 

Young’s 
modulus 

(GPa) 

Poisson’s 
ratio 

Shear 
modulus 

(GPa) 

Friction 
angle 

Cohesion 
(MPa) 

Midale 
Evaoprite 

22.7 0.26 9.0 61.3 0.28 23.9 44.4 18.15 

Marly 10.3 0.29 4.0 33.4 0.29 12.9 40 3.5 
Upper 
Vuggy 

18.3 0.31 7.0 54.8 0.31 20.9 

Lower 
Vuggy 

15.4 0.29 6.0 48.7 0.28 19.0 
46.8 3.5 

Frobisher 
Evaporite 

15.8 0.31 6.0 51.6 0.29 20.0 44.4 18.15 
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6.6.3. In-situ stress state and reservoir pressure history 

The orientation of horizontal in-situ stresses can be estimated from the 

orientations of natural fractures and borehole breakouts. Through studying natural 

fractures at different depths in the Williston basin, Stauffer and Gendzwill (1987) 

showed that there are two sets of vertical fractures with average azimuths of 49° and 

139°. A study on cores from the Weyburn field by Churcher and Edmunds (1994) 

showed that the dominant fractures are vertical to sub-vertical, and oriented NE-SW. In 

a study on borehole breakouts in a nearby oil field (i.e., Midale Field), Bunge (2000) 

showed an azimuth of 40-50° for the maximum horizontal stress. A study on in-situ 

stress orientations in the Viking formation in southwest Saskatchewan gave an average 

azimuth of 47° for the maximum horizontal stress orientation (Hawkes and Hamid, 

2008). In the current study an azimuth of 45° has been considered for the maximum 

horizontal stress orientation. This is consistent with all of the aforementioned study 

results, and also with the tectonic history of the Western Canada Sedimentary basin (i.e., 

this orientation is roughly normal to the trend of the Rocky Mountains).  

Unfortunately, there are no direct measurements of in-situ stresses for the 

Weyburn field in public-domain literature or reports, hence the stress regime is not clear. 

The results of an investigation of in-situ stress measurements and tectonic structure of 

the Western Canada Sedimentary Basin by Bell and Babock (1986) suggested that the 

Weyburn field is located near the boundary between strike-slip and normal fault stress 

regimes (see Figure 6.30).  

The only major fault believed to exist in the field, the Souris River fault, is a fault with a 

vertical surface which is located in Mississippian and Precambrian strata (Whittaker et 

al., 2004). This indicates that a strike-slip stress regime might have existed at the time 

that this fault formed. However, normal faulting has been observed in southern 

Saskatchewan (Gendzwill and Stauffer, 2006). These discrepencies highlight the 

requirement of considering uncertainty in any geomechanical analysis of this field.  
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Figure 6.30. Stress regimes and horizontal stress orientations interpreted for the Western 
Canada Sedimentary Basin (after Bell and Babcock, 1986; Bell et al., 1994). 

An average secant gradient of 23 kPa/m was calculated by Chalaturnyk et al. 

(2003) for vertical in-situ stress close to the Weyburn reservoir level. A study of stress 

regime in the Viking formation shows values in the 21 to 22 kPa/m range for the secant 

gradient of vertical stress roughly 100 km west of the Weyburn field (Hawkes and 

Hamid, 2008). McLellan (1996) suggests a secant gradient of 25 kPa/m for the vertical 

in-situ stress in the nearby Midale oil field.  Jimenez (2006) assumed a value of 24 

kPa/m for the vertical in-situ stress secant gradient. 

Chalaturnyk et al. (2003) suggest the value of 15.5 kPa/m as a lower bound for 

the minimum horizontal stress secant gradient, based on mud densities used while 

drilling. Hawkes and Hamid (2008) found that the minimum horizontal in-situ stress is 

very depth-sensitive in the Swift Current, Saskatchewan area (roughly 200 km west of 

the Weyburn field). They found secant gradiants of 16 to 19 kPa/m for depths between 

1.0 and 1.25 km in the Viking Formation.  A value of 16 kPa/m was reported by 

McLellan (1996) in the nearby Midale oil field. Jimenez (2006) used a value of 18 

kPa/m for this parameter in his geomechanical modeling of the Weyburn reservoir.  
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To calculate the maximum horizontal stress, Chalaturnyk et al. (2003) suggested 

a lateral pressure coefficient (K0) between 1.0 and 1.5 (i.e., equivalent to a gradient 

between 23 and 34.5 kPa/m). Micro-fracturing tests conducted at a depth of about 2.2 

km in the Deadwood Formation in Regina show that the value of maximum horizontal 

stress is equivalent to vertical stress and 1.33 times more than minimum horizontal stress 

(Bell et al., 1994). This is consistent with the transitional stress regime between normal 

and strike-slip stress regime interpreted by Gendzwill and Stauffer (2006). Jimenez 

(2006) used the frictional equilibrium approach with a friction coefficient (s) of 0.6 for  

a strike-slip faulting stress regime and calculated a upper-bound of 28 kPa/m for the 

maximum horizontal stress gradient.  

In this research, similar to Jimenez (2006), to account for the existing uncertainty 

in the in-situ stress data, different in-situ stress scenarios will be considered. However, 

the most probable strike-slip scenario will be treated as the base-case scenario (Table 

6.3). Values of the in-situ stresses in these scenarios are based on the assumption of 

Jimenez (2006). 

Figure 6.31 shows the history of reservoir pressure change during the reservoir’s 

exploitation life (up to 2001). The initial pressure in the reservoir was 14.5 MPa. The  

Table 6.3. Different scenarios for in-situ stresses in the Weyburn field (after Jimenez, 
2006) 

 

** Base case scenario 

In-situ Stress 
Regime scenario 

Vertical 
stress 

gradient 
(kPa/m) 

Minimum 
horizontal 

stress gradient 
(kPa/m) 

Maximum 
horizontal stress 

gradient 
(kPa/m) 

Strike-slip** 24 18 28 

Isotropic 24 24 24 

Normal 24 18 24 

Thrust 24 33 33 
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Figure 6.31. Reservoir pressure history for Weyburn oil field (from Jimenez, 2006) 

reservoir pressure locally reached a minimum of 2.5 MPa in 1965, after several years of 

primary production. It has subsequently reached a maximum of about 28 MPa at various 

points in time due to fluid injection (i.e., waterflooding). Although limited information 

has been published about reservoir pressures during CO2 injection, it is believed that 

pressures during this phase are likely to approach these historical highs. Therefore, 

representative upper-limits of pressure change (P) in this work are considered to be -12 

and 13 MPa, respectively, for production and injection. 

6.6.4. Induced stress change analysis 

Although the models in Chapter 4 have been developed for homogeneous 

reservoirs, as it will be shown later, they still can be applied for some specific 

heterogeneous reservoirs such as Weyburn reservoir. The Weyburn reservoir has a very 

small thickness compared to its lateral extents, and its aspect ratio (e) has been estimated 
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as less than 0.005 in this work. Therefore, it can be treated as an infinite layer. 

Following, the validity of this assumption is evaluated by studying the effects of depth 

and reservoir heterogeneity on the induced stress change within the reservoir. Later, a 

numerical model will be used to confirm these results. 

Figure 6.32 shows how an assumption of a full-space boundary condition might 

affect arching ratios within a reservoir with Weyburn’s geometry where the theory of 

inclusions (section 3.5.1) is used to calculate arching ratios. Obviously, noting the tight 

y-axis scale used on this graph, the effect of depth on arching ratios is negligible.  

Therefore, the theory of inhomogeneities, which has been developed for a full-space 

(section 3.6.1), can be used to study the effect of heterogeneity on the geomechanical 

response of the reservoir.  

Figure 6.33 shows the variation in arching ratios as a function of shear modulus 
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Figure 6.32. Variation of horizontal and vertical stress arching ratios as a function of 
depth number calculated for the Weyburn field using the theory of inclusions. All the 
results have been normalized by (1-2)/(1-). 
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ratio calculated using the theory of inhomogeneities. From Table 6.2 the possible range 

for shear modulus ratio (R) is between 0.4 and 3.5. Figure 6.32 illustrates that, for this 

range of R, the contrast between the reservoir and its surrounding layer has a very 

negligible effect on the value of arching ratios. This shows that the heterogeneity of the 

reservoir does not have a significant effect on its geomechanical response.  

Comparing values of horizontal and vertical arching ratios in both Figures 6.32 

and 6.33 with values obtained from equation (3-105) shows that the assumption of an 

infinite layer for the reservoir can be used without any significant error in induced stress 

change analysis. Using the formulae for an infinite layer (i.e., equation (3-105) ) and the 

mechanical properties presented in Table 6.2, a value of zero is calculated for vertical 

arching ratio in the entire field and values of 0.60, 0.55, 0.60 and zero, respectively, are 

calculated for the Marly unit, Upper Vuggy unit, Lower Vuggy unit, and the surrounding 

rock. It is important to know that zero stress change in the surrounding rock is based on 

assumption of no pore pressure change in surrounding rock. However, pore pressure 

change is expected in a limited zone adjacent to the reservoir. This pore pressure change 

can be determined using a coupled fluid flow-geomechanical model.  
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Figure 6.33. Variation of horizontal and vertical stress arching ratios as a function of 
shear modulus ratio calculated for Weyburn field using theory of inhomogeneities.  
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The values of arching ratios found above are slightly different from the results 

found by Jimenez (2006) by implementing FLAC3D as a numerical model. His results 

show values of 0.53, 0.43, and 0.51 for arching ratios respectively in Marly, Upper 

Vuggy and Lower Vuggy units. In his model, Jimenez (2006) assumed the reservoir and 

surrounding rock to be horizontal layers with infinite extension. Due to the uniform 

assumption of reservoir pressure change, the deformation in this model is expected to 

behave uniaxially. This behavior means that we can also use a 2D model without losing 

the accuracy in the results. Therefore, a 2D numerical analysis using FLAC (Figure 

6.34) was performed in this research to find the possible reasons for the observed 

differences in arching ratios. The base-case geometry is the same as Jimenez’s (2006) 

assumption with a thickness of surrounding rock equal to 36m. In other scenarios, this 

thickness is changed to study the effect of boundary conditions on the model.  
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Figure 6.34. FLAC grid for Weyburn oil field 
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Figures 6.35a to 6.35d demonstrate the profile of horizontal stress change as the 

result of 1.0 MPa  pore pressure change within the reservoir while the surrounding (i.e.,  

overlying and underlying) rock’s thickness is respectively 36 m, 100m, 200 m , and 400 

m [Note: modeling the stress response using 1.0 MPa pore pressure change means that 

the resultant stress changes, although dimensional in nature, are numerically equivalent 

to stress arching ratios.]. Obviously, by increasing in the thickness of surrounding rock 

(i.e., being closer to the real geometry of the field), the horizontal arching ratios 

converge to limiting values which are exactly the values predicted by the analytical 

model. This study shows the importance of choosing the appropriate boundary condition 

for the numerical model which may be the primary reason for the difference between the 

results obtained from Jimenez’s (2006) numerical model and the analytical model used 

in this research. Moreover, the coarse grid size (i.e., 12 m vertically and 60 m 

horizontally) used by Jimenez (2006) could be another reason for the difference. 

Aside from validating the magnitude of induced stress change within the 

reservoir (when using a suitable model geometry), the numerical results presented here 

also confirm the analytical model’s predictions of negligible stress change outside of the 

reservoir.  

6.6.5. Fault reactivation analysis 

Stress change analysis conducted for the geometry considered in this work shows 

that there is no stress change in the surrounding rock. This result, coupled with the 

assumption of no pressure change in this region, leads to the prediction of no fault 

reactivation in the surrounding rock. However, within the reservoir there is a potential 

for fault reactivation which can be analysed for different in-situ stress regime scenarios. 

The poroelastic stress change analysis in the previous section gives arching ratios of 

0.59 for Marly and Lower Vuggy units, and 0.55 for Upper Vuggy unit. However, due to 

possible hysteresic behaviour of the reservoir during injection, the reservoir might not 

behave poroelastically. As a lower bound, an arching ratio of zero was considered to 

replicate the effect of this possible behaviour. Using the methodology described in 

section 4.7.2 it is possible to calculate the critical pressure change for fault reactivation.  
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(c) 

Figure 6.35. Horizontal stress change (in MPa) induced by a 1 MPa reservoir pressure 
change, plotted along a vertical cross-section at the reservoir mid-point, for a 
surrounding rock thickness of (a) 36m (similar to Jimenez’s (2006) assumption);  (b) 
100m; (c) 200m; and (d) 400m. [Note: The “U” shaped stress peak is a result of the 
mechanical property contrast between the Upper Vuggy unit and the overlying Marly 
unit and underlying Lower Vuggy Unit (the latter of which have similar properties)].  
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(d) 

Figure 6.35. (Continued) Horizontal stress change (in MPa) induced by a 1 MPa 
reservoir pressure change, plotted along a vertical cross-section at the reservoir mid-
point, for a surrounding rock thickness of (a) 36m (similar to Jimenez’s (2006) 
assumption);  (b) 100m; (c) 200m; and (d) 400m. [Note: The “U” shaped stress peak is a 
result of the mechanical property contrast between the Upper Vuggy unit and the 
overlying Marly unit and underlying Lower Vuggy Unit (the latter of which have similar 
properties)].  

The results of analyses for these different scenarios of stress change are shown in 

Figures 6.36 to 6.39 for strike-slip, isotropic, normal, and thrust stress regime scenarios, 

respectively (see Table 6.3 for details).  Minimum critical pressures required for fault 

reactivation in different scenarios are listed in Table 6.4.  

This author believes that the most likely scenario for in-situ stress state in 

Weyburn field is strike-slip. As shown in Figure 6.36a to 6.36c and Table 6.4, the 

minimum critical pressure for fault reactivation in this scenario (19.3 or 25.5 MPa) is 

less than the maximum historical value occurring in this reservoir. However, the only 

identified major fault in the Weyburn field is the Souris River fault is vertical and strikes 

NNW-SSE (Whittaker et al., 2004). For this specific fault, the critical pressure for 

reactivation is significantly higher than the maximum reservoir pressure if the field 

behaves poroelastically (Figures 6.36a and 6.36b) however if no stress change has 

occured during injection (Figure 6.36c), reservoir pressures exceeding 19.3 MPa would 

have reactivated this fault. Although it appears possible that fault reactivation may have 

occurred during historical waterflooding operations, no micro-seismic monitoring was 

conducted to confirm or refute this. In the near future, once the results of recent micro-
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seismic monitoring are published, it may be possible to use these results to refine the 

models and input data (esp. in-situ stress magnitudes) used in this research. More 

importantly, if micro-seismic activity is observed and recorded, event locations could 

confirm the expectation that fault reactivation is confined to the reservoir, hence having 

no impact on caprock integrity.  

Comparing results for different stress regime scenarios reveals some interesting 

facts about changes which happen as a result of induced stress change within the 

reservoir. For the case of poroelastic stress change (i.e., (H)=0.55 or (H)=0.60), the 

stress change during injection is  anisotropic in such a way that the vertical effective 

stress decreases more than the horizontal effective stress, hence the initial in-situ stress 

regime tends towards a thrust fault stress regimes. The consequence of this result on 

fault reactivation can be seen in Figures 6.36 to 6.39 which shows that in the condition 

of poroelastic stress change the most critical faults are the ones which are oriented in 

favour of thrust faulting. In other words, they have low dip angles and strikes that 

parallel the initial minimum horizontal stress orientation. When there is no stress change 

(i.e., (H)=0), as expected, the initial in-situ stress state remains unchanged during 

injection. 
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(c) 

Figure 6.36. Contours of critical pressure for fault reactivation in the strike-slip stress 
regime scenario for (a) arching ratio=0.6 (b) arching ratio=0.55 (c) arching ratio=0. 
(Equal angle, lower hemisphere stereographic projection for poles to fault or fracture 
planes .)  
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(b) 

Figure 6.37. Contours of critical pressure for fault reactivation in the isotropic stress 
regime scenario for (a) arching ratio=0.6 (b) arching ratio=0.55. (Equal angle, lower 
hemisphere stereographic projection for poles to fault or fracture planes.)  
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(c) 

Figure 6.38. Contours of critical pressure for fault reactivation in the normal stress 
regime scenario for (a) arching ratio=0.6 (b) arching ratio=0.55 (c) arching ratio=0. 
(Equal angle, lower hemisphere stereographic projection for poles to fault or fracture 
planes.)  
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(c) 

Figure 6.39. Contours of critical pressure for fault reactivation in thrust stress regime 
scenario for (a) Arching ratio=0.6 (b) arching ratio=0.55 (c) arching ratio=0. (Equal 
angle, lower hemisphere stereographic projection for poles to fault or fracture planes.)  

6.6.6. Induced fracturing analysis 

The poroelastic models implemented for stress analysis show no stress change in the 

surrounding rock, which means that no induced fracturing is predicted in this region. 

However, there is a possibility of induced fracturing within the reservoir. The critical
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Table 6.4. Minimum critical pressure for fault reactivation for different stress regime 
scenarios  

Minimum critical pressure  for fault reactivation 
(MPa) Stress Regime 

scenario 
(H)=0.6 (H)=0.55 (H)=0 

Strike-slip 25 25.5 19.3 
Isotropic 27.1 27.6 Not Possible 
Normal 27.1 27.6 22 
Thrust 22.3 22.7 28.6 

 

pressure change for shear fracturing in this region can be calculated by implementing 

either Coulomb or Drucker-Prager failure criteria as described in section 5.4. The main 

difference between these two criteria is the fact that the Coulomb criterion does not 

consider the effect of intermediate principal stress on failure.  

The critical pressure changes for different in-situ stress scenarios are shown in 

Table 6.5 for both Coulomb and circumscribed Drucker-Prager failure criteria. This 

table includes calculated critical pressure change for tensile fracturing and shear 

fracturing. Critical pressure change for shear fracturing in this table has been calculated 

by considering both the subscribed Drucker-Prager and Coulomb failure criteria. [Note: 

Results based on the inscribed Drucker-Prager failure criterion are not included in this 

table because its predictions for critical pressure change seem unrealistically far from the 

Coulomb failure criterion.] For some cases the difference between predicted values for 

two different failure criteria is significant, which demonstrates the significant role of 

intermediate principal stress. For the most likely scenario (i.e., strike-slip stress regime). 

the Coulomb failure criterion predicts a value of  Pf=19.6 MPa when the stress is 

changing poroelastically during injection, while for the case of no stress change the 

dominant mode of fracturing is tensile and occurs at Pf=11.6 MPa. The significant 

difference between the two conditions of stress change (i.e., poroelastic stress change 

and no stress change) highlights the requirement of suitable tests and measurements to 

assess the potential hysteretic behaviour of the rock during injection and production.  
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6.6.7. Temperature-induced stress change and fault reactivation 

Temperature changes induced by injection might have a significant geomechanical 

effect on the reservoir. Segall and Fitzgerald (1998) show that in geothermal reservoirs 

thermal stresses during steam production might be eight times (or more) larger than 

poroelastic stresses. Noorishad and Tsang (1987) suggest that injection might decrease 

the hydrofracturing pressure by 10 MPa. The significant impact of temperature change 

on in-situ stresses was also shown by Jimenez (2006).  

To study the geomechanical effect of temperature change on the reservoir and 

surrounding rock in the Weyburn field the concept of thermoelastic arching ratios in 

section 3.3 was applied and thermoelastic arching ratios were calculated using equation 

(3.37). The linear expansion coefficient (η) in this work was assumed to be 1.3e-5 °C-1, a 

representative value for limestone, as suggested by Jimenez (2006). Due to the specific 

geometry of the reservoir (i.e., laterally infinite layer) thermoelastic arching ratios (and 

consequently thermally induced stresses) in the caprock are zero. In addition, the vertical 

thermoelastic arching ratio within the reservoir is zero. Horizontal thermoelastic arching 

ratios within the reservoir were calculated as 0.41, 0.63, and 0.61 MPa/°C respectively 

for the Marly, Upper Vuggy, and Lower Vuggy units when the soft elastic properties 

scenario (see Table 6.2) is selected. For the stiff elastic properties scenario these values 

are 1.33, 1.88, and 2.05 MPa/°C.  

In a similar manner to pore pressure change (see sections 4.7.2 and 6.6.5) the 

calculated arching ratios can be used to calculate the critical temperature change for fault 

reactivation within the reservoir. Figures 6.40 and 6.41, respectively, demonstrate the 

results for soft and stiff elastic properties scenarios. The stress regime scenario in these 

figures is assumed to be a strike-slip regime (i.e., the base case in Table 6.4). As shown 

in these figures, in the soft elastic properties scenario a temperature change as small as   

-8 °C is enough to reactivate some of the potentially existing faults in the field. This 

value is about -2 °C for a stiff elastic properties scenario. For the Souris River fault the 
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most critical temperature changes are -19 °C and -6 °C for soft and stiff elastic 

properties scenarios, respectively. 

The small values of critical temperature change for fault reactivation show the 

significant importance of thermo-mechanical analysis in studying caprock integrity for 

CO2 sequestration projects. However, the gradual nature of temperature change induced 

by injection (Segall and Fitzgerald, 1998), convection of temperature change outward of 

the storage area, the limited area for the zone of influence of temperature change effects 

(e.g., Jimenez, 2006), nonlinearity, plasticity and discontinuity of the rock, and thermal 

dependence of geomechanical and fluid properties are among some factors that amplify 

the complexity of the problem and highlight the importance of more sophisticated 

studies for thermo-poro-mechnaical analysis.  
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(c) 

Figure 6.40. Contours of critical temperature change for fault reactivation in the strike-
slip stress regime and assuming a soft rock scenario for (a) arching ratio=0.41 (b) 
arching ratio=0.63 (c) arching ratio=0.61. (Equal angle, lower hemisphere stereographic 
projection for poles to fault or fracture planes.)  
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(c) 

Figure 6.41. Contours of critical temperature change for fault reactivation in the strike-
slip stress regime and assuming a soft rock scenario for (a) arching ratio=1.31 (b) 
arching ratio=1.88 (c) arching ratio=2.05. (Equal angle, lower hemisphere stereographic 
projection for poles to fault or fracture planes.) 
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6.7. Fault reactivation and induced fracturing analyses for Zama Acid Gas 

Injection Project, Alberta 

  
The Zama oil field is located in northwestern Alberta, Canada, and covers an 

area of 1200 km2. The field contains more than 400 pinnacle reefs of the Middle 

Devonian Keg River Formation. Injection of a stream of acid gas (approximately 

70% CO2 and 30% H2S) started in December 2006. To date, injection has occurred in 

four pinnacles; the goal is to inject into several more pinnacles in the coming years. 

In this section, the effects of geomechanical processes on the hydraulic integrity of a 

single, representative pinnacle reef is investigated. For the case considered, the 

reservoir consists of dolomite of varying porosity and permeability. In reality, it is 

overlain and laterally bounded by anhydrites of the Muskeg Formation, and 

underlain by lower-porosity carbonates of the Keg River Formation. For the purposes 

of this work, the reservoir will be analyzed as if it were completely surrounded by 

the Muskeg Formation. The effects of historical pressure depletion due to oil 

production will be considered in this work, as well as future pressure increases due to 

fluid injection (waterflooding conducted mid-life in the reservoir’s history, and more 

recently acid gas injection). 

6.7.1. Reservoir geometry 

The actual reservoir shape to be analyzed is a pinnacle (see Figure 6.42) of 90 

m height and 0.16 km2 base area, at a mid-point depth of 1500 m. To enable the use 

of the closed-form solutions presented earlier in this thesis, the reservoir shape was 

simplified to an axisymmetric spheroid with the same height and volume of the 

reservoir; this gives a reservoir width of 320 m. [Note: This same reservoir width has 

been used in all of the analyses that follow, even though the concept of reservoir 

volume is ill-defined in the case of plane-strain (i.e., infinitely long) reservoir 

geometries.] As such, the idealized reservoir has the following geometrical 

characteristics: 

 aspect ratio, e = 90/320 = 0.28 

 depth number, n = (320/2) / 1500 = 0.11 
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Figure 6.42. Schematic of actual and idealized cross-sectional reservoir geometry 
(after Smith et al., 2008) 

Based on a comparison of these geometrical parameters with the criteria 

presented in Section 3.5.2, full-space solutions can be used for this reservoir without 

incurring significant error. 

6.7.2. In-situ stresses and pressure history 

Bachu at al. (2008) estimated values of 17 and 24 kPa/m, respectively, for 

typical minimum horizontal and vertical stress gradients in the Keg River formation 

in the Zama field. Bell and Babcock (1986) believe that the ratio of maximum to 

minimum horizontal stress in Western Canadian Sedimentary Basin varies between 

1.3 to 1.6. A value of 1.4 was used in this specific case, which leads to a value o 24 

kPa/m for the gradient of maximum horizontal stress. As such, the stress regime 

interpreted for this site is transitional between strike-slip and normal. 

An initial reservoir pressure of 14.5 MPa was used for this site. During 

primary production, pressure decreased to slightly less than 4 MPa. During injection, 

pore pressure will remain lower than the minimum in-situ stress in the caprock, 
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which – based on the information presented above - is the minimum horizontal 

stress. Its magnitude is estimated as 17 kPa/m  1500 m = 25.5 MPa. For the sake of 

working in round numbers, pore pressure change scenarios of  10 MPa were 

considered in this work. 

6.7.3. Rock mechanical properties 

Based on geophysical log analysis and laboratory testing on core samples, 

mechanical properties of the Keg River Formation reservoir rocks and the 

“surrounding” Muskeg Formation anhydrite were reported by Smith et al. (2008). 

Table 6.6 lists the mechanical properties selected for use in this paper. Based on 

these values, the shear modulus ratio (R= */) was calculated as 0.46. It is worthy 

to note that Poisson’s ratio of the surrounding rock does not have a significant effect 

on the stress change induced by pressure change (Section 3.6.1). Peak strength 

properties in Table 6.6 (e.g., friction angle and cohesion) were used in this work to 

evaluate the onset of shear fracturing. Residual friction angle was used as a friction 

angle on potentially existing faults in the field. A Biot’s coefficient of 1.0 was used 

for both the Keg River and Muskeg formations. 

6.7.4. Induced stress change analysis 

Equations (3.34), (3.51), (3.101), and (3.98) were used to calculate the 

normalized stress arching ratios for production (pressure depletion) and injection 

(pressure increase) for three different reservoir scenarios: (i) a plane strain elliptical 

inclusion, analyzed in a cross-sectional plane aligned parallel to the minimum 

horizontal stress; (ii) a plane strain elliptical inhomogeneity, also analyzed in a cross-

sectional plane aligned parallel to the minimum horizontal stress; and (iii) an 

axisymmetric inclusion. These arching ratios were then used to calculate induced 

stress changes in the field at the following locations: (i) within the reservoir; (ii) at a 

point in the caprock immediately overlying the centre of the reservoir (referred to as 

“caprock” in the following discussion and figures); (iii) at a point in the caprock 

immediately adjacent to the side of the reservoir in the cross-sectional plane (referred 

to as the “sideburden, in the Hmin  direction” in the following discussion and 

figures); and (iv) at a point “in front of” the reservoir; i.e., in the surrounding rock  
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Table 6.6. Rock mechanical properties for a representative pinnacle reef in the Zama 
il field. o 

Geomechancial 
properties 

Reservoir 
(Keg River 

Formation) 

Surrounding rock 
(Muskeg Formation)

Static shear modulus ()  11 GPa 24 GPa 
Static Poisson’s ratio () 0.23 0.26 
Peak friction angle (p) 37° 53° 
Peak cohesion (cp)  4 MPa 12 MPa 
Residual friction angle (r)  34° 44° 
Residual cohesion (cr) 2.2 MPa 6.5 MPa 
Permeability (k) 95–175 mD  
Porosity () 12% 2% 

immediately adjacent to the side of the reservoir in the out-of-plane direction 

(referred to as the “sideburden, in the Hmax direction”). [Note: The latter point is 

only applicable for the axisymmetric case.] 

The total stress changes calculated for the aforementioned locations for a pore 

pressure increase of 10 MPa (P = 10 MPa) are shown in Table 6.7. Due to the linear 

elastic nature of the solutions used, the stress changes for a depletion scenario (P = 

-10 MPa) would be identical to those listed in Table 6.7, multiplied by -1. Figures 

6.43 and 6.44 show both total and effective in-situ stress states before and after a 10 

MPa pore pressure change for a production scenario and an injection scenario, 

respectively. Using these figures or Table 6.7, it can be seen that, during injection, 

the following stress changes occur: 

 Within the reservoir, all stress changes are tensile. 

 In the caprock, in-plane horizontal stress change is tensile; vertical stress 

change is compressive; out-of-plane horizontal stress change varies for the 

different scenarios. 

 In the sideburden (Hmin  direction), in-plane horizontal stress change is 

compressive; vertical stress change is tensile; out-of-plane horizontal stress 

change is either zero (plane-strain inclusion) or tensile. 

 In the sideburden (Hmax direction – axisymmetric case only), in-plane 

horizontal stress change is tensile; vertical stress change is tensile; out-of-

plane horizontal stress change compressive. 
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Table 6.7. Calculated stress changes for a 10 MPa pore pressure increase. 
 

Stress change (MPa) 

Location 

Stress 
change 

component 
Plane strain 

inclusion 
Plane strain 

inhomogeneity 
Axisymmetric 

inclusion 
(oblate spheroid)

H 7 7.6 5.9 
h 5.5 6.9 5.9 Within  

reservoir 
V 1.5 2.7 2.3 
H 0 0.4 -1.1 
h -1.5 -1.2 -1.1 Caprock 
V 1.5 2.7 2.3 
H 0 -1.4 -1.1 
h 5.5 6.9 5.9 

Sideburden 
(in the Hmin 

 Direction) V -5.5 -12.5 -4.7 
H N/A N/A 5.9 
h N/A N/A -1.1 

Sideburden 
(in the Hmax  

direction) V N/A N/A -4.7 
 

Conceptually, all of these stress changes can be understood on the grounds 

that, during injection, the reservoir is expanding; hence, pushing outwards on the 

surrounding rock. For the pressure depletion case, in which the reservoir is 

contracting, the stress changes are exactly opposite to those summarized above. 

One final point worth noting is the fact that the vertical stress increase 

predicted in the sideburden is markedly larger for the plane-strain inhomogeneity 

case compared to both of the inclusion cases, which are similar in magnitude. This is 

a consequence of the fact that, for the former case, the surrounding rock is stiffer 

than the reservoir. As the latter presses outwards (during injection), this induces a 

large stress in the sideburden in the direction that is tangential to the reservoir – host 

rock interface (i.e., the vertical direction). 

6.7.5. Failure analysis 

Analyses of induced shear fracturing and fault reactivation are described in this 

section of the work. Although these analyses could be conducted with any of the 

induced stress change models described in the previous section, the axisymmetric 

solution based on the theory of inclusions has been selected for use in this work; 

Although it neglects the effects of material property contrasts, it better captures the 

actual reservoir geometry. 
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Figure 6.43. Total and effective stresses before and after pressure depletion of 10 
MPa, calculated for different reservoir scenarios. 
 

Peak strength properties in Table 6.6 were used for induced shear fracturing 

analysis, and residual friction angles were used to calculate the friction coefficients 

of faults or natural fractures, which were assumed to have no cohesive strength. 

Given that no data are available on the presence of, nor the orientation of, faults or 

natural fractures, the conservative assumption of “critically oriented” faults or 

fractures was used; i.e., reactivation was assessed for hypothetical faults or fractures 

that are oriented such that they are most likely to fail. 
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Figure 6.44. Total and effective stresses before and after 10 MPa pressure increase 
due to injection, calculated for different reservoir scenarios. 

The stress states calculated before and after reservoir pressure change are 

presented using Mohr circles in Figures 6.45 and 6.46 for production (i.e., pressure 

depletion) and injection, respectively. These figures show that: 

1) Within the reservoir:  

a. During production, though the increase of effective stresses moves the stress 

state away from both the intact rock and fault failure criteria, the increase in 

deviatoric stress partially opposes this beneficial effect. Ultimately, the net 

effect is such that the stress state would have shifted toward a more stable 

condition during historical production operations (Figure 6.45a). 
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b. During injection, the stress state is predicted to become more critical; i.e., the 

stress state shifts towards the fault and intact rock failure criteria (Figure 

6.46a). Although this suggests an increased potential for failure in a relative 

sense, it is significant to note that neither of these failure criteria is met in an 

absolute sense. 

2) In the sideburden aligned with the minimum horizontal stress (i.e., Hmin 

direction):  

a. During production, due to the increase in vertical stress and maximum 

horizontal stress and the decrease in minimum horizontal stress, the stress 

state becomes more deviatoric. As such, during production the stress state 

may have come close to meeting the failure criterion for optimally oriented 

faults (or natural fractures), if any were present (Figure 6.45b). In this case, 

the “most” optimally oriented faults would have steep dips (~60°) and strike 

directions sub-parallel to the maximum horizontal stress azimuth; however, 

sub-vertical faults striking at acute angles (~30°)  to the maximum  horizontal  

stress  would be only  “slightly less” optimally oriented. As for induced 

fracturing, given the high strength of the Muskeg Formation (i.e., the failure 

criterion is barely visible in the top left corner of the graph), the stress state 

during production is not likely to have induced new shear fractures. 

b. During injection, due to the decrease in vertical stress and maximum 

horizontal stress and the increase in minimum horizontal stress, the stress 

state is predicted to become more isotropic, leading to a more stable rock 

condition (Figure 6.46b). 

3) In the sideburden aligned with maximum horizontal stress (i.e., Hmax 

direction): 

a. During production, minimal change in the potential for fault reactivation 

or induced fracturing is likely to have occurred (Figure 6.45c). 

b. During injection, although vertical stress decreases, the increase in 

maximum horizontal stress and the decrease in minimum horizontal 

stress results in an increase in the deviatoric stress in the horizontal plane. 

As shown in Figure 6.46c, this results in a modest increase in the 

potential for failure. 

4) In the caprock: 

 

225



a. During production, minimal change (a slight reduction, in fact) in the 

potential for fault reactivation or induced fracturing is likely to have 

occurred (Figure 6.45d).  

b. During injection, due to the increase in vertical stress and the decrease in 

horizontal stresses, the deviatoric stress increases. As such, the stress 

state would become slightly more critical, but still quite far from failure 

in an absolute sense (Figure 6.46d). 

The effective stress state did not approach a tensile condition for any of the 

scenarios analyzed; i.e., the potential for induced tensile fracturing within and 

surrounding the reservoir is predicted to be low for these scenarios. 
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m horizontal 
stress, and V denotes the vertical stress. 

Figure 6.45. Effective stress state after pressure 
depletion of 10 MPa: (a) within the reservoir; (b) in 
the sideburden aligned with minimum horizontal 
stress; (c) in the sideburden aligned with maximum 
horizontal stress; and (d) in the caprock. The dashed 
circle represents the original stress state, in which the 
maximum horizontal stress and the vertical stress 
magnitudes are equal. H denotes the maximum 
horizontal stress, h denotes the minimum horizontal 
stress, and V denotes the vertical stress.  

 

 
Figure 6.46. Effective stress state after a pressure 
increase of 10 MPa: (a) within the reservoir; (b) in the 
sideburden aligned with minimum horizontal stress; 
(c) in the sideburden aligned with maximum 
horizontal stress; and (d) in the caprock. The dashed 
circle represents the original stress state, in which the 
maximum horizontal stress and the vertical stress 
magnitudes are equal. H denotes the maximum 
horizontal stress, h denotes the minimu
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6.8. Summary and conclusion 

For the first case study, a poroelastic stress analysis approach was used for stress 

analysis of a synthetic case with a rectangular reservoir embedded in a field set in a 

normal fault stress regime with a number of faults with various locations and 

orientations. The results showed that fault reactivation was only likely to occur for 

certain faults located within the reservoir. During production, fault reactivation was only 

likely to occur for a fault of certain geometry (i.e., dip angle). However, during 

injection, all the faults within the reservoir were likely to reactivate during injection with 

a nearly similar magnitude of reservoir pressure change. This phenomenon can be 

explained using a pseudo-tensile mode of failure during injection.  

A sensitivity analysis was carried out to study the effect of variations in fault 

surface friction coefficient on the critical reservoir pressure change. Results showed that, 

during production, there was only a limited range of friction coefficient which might 

lead to fault reactivation. During injection, fault reactivation was almost independent of 

friction coefficient, which can be explained by the occurrence of a pseudo-tensile mode 

of failure during injection.  

For the second case study, using a poroelastic analysis model based on the theory 

of inclusions, in-situ stress evolution of strains and stresses in both cases of production 

and injection for reservoirs in normal and thrust fault stress regimes were studied. The 

results showed that stress evolution could be interpreted by using a so-called ‘cavity 

pattern’ for the change in stress orientation and magnitude. Similar to a cavity, under 

injection, the maximum principal stress tended to become “radial” (i.e., perpendicular to 

the reservoir boundaries) while, during production, this stress tended to be tangential 

(i.e., parallel to the reservoir boundaries).  

A mathematical methodology was proposed to determine the critical pressure 

change both for induced tensile and shear fracturing during production or injection for 

initially normal and thrust fault stress regimes. Patterns of fracturing for both cases of 

normal and thrust stress regime were found to be the same, but the magnitudes of critical 

pressure changes were different.  

During production, major fractures formed in an area which extended above the 

reservoir shoulders and the boundary between the central and peripheral deformation 
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regions. In this area, fractures formed at the reservoir’s sides in a high-angle orientation 

and migrated upward and towards the center while their dip angle simultaneously 

decreased, to form a cone-shaped sliding volume (with convex upwards curvature) 

above the reservoir. In addition, high-angle fracturing (creating normal faults) was 

possible in the regions adjacent to the reservoir flanks and near the ground surface in 

peripheral deformation regions, while low-angle induced fracturing (creating thrust 

faults) occurred on the central deformation region. All of these observations are in 

qualitative agreement with field and experimental observations.  

During injection, although low-angle thrust fractures were likely to form in a 

small region adjacent to the reservoir, the greatest tendency towards sub-vertical 

fracturing occurred in the central deformation region, and a cylindrical sliding volume 

around the limits of the reservoir was expected to move upward.  

The Lacq gas field in France was used in this chapter as a demonstration case 

study for fault reactivation, because depletion-induced pore pressure changes in this 

field have resulted in numerous well-documented seismic events over time. The induced 

stress changes predicted for this domed-shaped reservoir showed some differences with 

the results predicted by simpler models that assume a planar reservoir geometry. The in-

situ stress regime in the Lacq field is unknown, in spite of several decades of 

investigation. Fault reactivation tendencies predicted for an assumed thrust fault stress 

regime showed a strong correlation to recorded seismic event locations. Conversely, 

there was no correlation between model predictions and seismic event data when a 

normal fault stress regime was assumed. As such, further to providing reliable 

predictions of fault reactivation tendency, the model results enabled the inference of a 

thrust fault stress regime for the field. 

The developed framework in this research was applied to study the potential for 

fracturing and fault reactivation within the Ekofisk oil field in the North Sea; a field 

which has shown evidence of significant stress change during its production life. The 

results are consistent with previous interpretations of induced fracturing in this field. 

A parameter sensitivity analysis was conducted for the Ekofisk field. The results 

showed that variations in the lateral pressure coefficient (K0) strongly affect both the 

critical pressure change for fracturing and the fracturing mode. A similar effect was 
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observed in analyzing the effect of the stress change path. Specifically, the common 

assumption of no change in vertical stress might lead to an under-estimation of the 

critical pressure change for fracturing. In addition, it was shown that the difference 

between rock deformability during production and injection must be considered during 

induced fracturing analysis, due to the hysteresis effect on the stress change path which 

can affect both the critical pressure change and the mode of fracturing. The sensitivity 

analysis on rock strength parameters showed their significant effect on shear fracturing 

during production, while they had a modest effect on during injection in which 

fracturing mainly occurred in a horizontal tensile or a pseudo-tensile mode. 

The geomechanical response to reservoir pressure change was studied for the 

Weyburn oil field in Saskatchewan by comparing numerical and analytical model 

results. This comparison showed that, for this specific field, a simple analytical model is 

able to give a very good estimation of induced stress changes. Both numerical and semi-

analytical models showed a negligible stress change in the surrounding rock, which 

suggests minimal risk of fault reactivation and induced fracturing in these rocks. Within 

the reservoir, the calculated critical pressure changes for fault reactivation and induced 

fracturing showed a significant difference for different in-situ stress scenarios, which 

highlights the importance of in-situ stress measurement for fault reactivation analysis. 

Implementing both Coulomb and Drucker-Prager failure criteria for calculating critical 

pressure change for induced shear fracturing showed a significant difference between 

these two models and emphasized the considerable effect of intermediate in-situ 

principal stress. In addition, this study showed the importance to distinguish between the 

rock responses to injection and production, which might significantly affect the results 

of fault reactivation and induced-fracturing analysis. Thermoelastic analysis of 

temperature change on fault reactivation within the reservoir showed the significant 

effect of temperature and highlights the requirement for further studies.  

The final case study was an analysis of induced stress changes due to historical oil 

production, with resultant pore pressure depletion, and pore pressure increases resulting 

from waterflooding and/or acid gas injection in a pinnacle reef in the Zama oil field, 

Alberta. The results generated are consistent with the expectation that, during injection, 
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the reservoir is expanding; hence, pushing outwards on the surrounding rock. This 

results in a compressive stress change in directions oriented normal to the reservoir-host 

rock interface, and a tensile stress change in direction tangential to the interface. The 

results generated for a plane-strain reservoir geometry, in which the high stiffness of the 

host rock relative to the reservoir was accounted for, demonstrate that this contrast can 

significantly increase some of the stress change magnitudes. During pressure depletion, 

the stress changes are exactly opposite to those described for injection. 

Failure analyses for both the fault reactivation and induced fracturing were 

performed, using the stress changes predicted for an axisymmetric ellipsoidal reservoir 

geometry. These analyses showed that the potential to induce shear fracturing was not 

significant at any point within the reservoir or the surrounding rock during both 

production and injection. Similarly, fault reactivation was not predicted for the reservoir 

or any of the points that were analyzed in the surrounding rock. However, fault 

orientations at points in the sideburden having the greatest potential for reactivating 

during historical production operations were identified. This illustrates a means of using 

geomechanical models to focus geological characterization efforts on the features that 

are most critical to acid gas containment. 
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Chapter 7 

Summary and Conclusion 

 

7.1. Summary 

Existing analytical, semi-analytical, and numerical approaches for induced stress 

change analysis and their application in the technical literature have been assessed in this 

thesis. A comprehensive description of the theories of strain nuclei, inclusions, and 

inhomogeneities, along with their implementation to solve elasticity field equations for 

induced stress change analysis during fluid production and injection in porous geological 

reservoirs, were presented. The theory of inclusions was used for plane strain semi-

analytical analysis of the entire half-space field for reservoirs with different geometries. 

A plane strain semi-analytical analysis was conducted using the theory of 

inhomogeneities for the entire full-space and a reservoir of elliptical cross-section with 

different properties from the surrounding rock. New analytical formulations were 

derived to calculate the induced stress change parameters within reservoirs for different 

variations of an ellipsoidal geometry for the case of a homogeneous field and material 

property contrast between the reservoir and surrounding rock. A set of sensitivity 

analyses was performed to assess the significance of different parameters such as: 

reservoir geometry (including shape, depth and “tilt” or dip angle); and material 

properties of the reservoir and surrounding rock.  

The Coulomb Failure Stress concept was used to study the patterns of fault 

reactivation in the entire field during production or injection. A methodology was 
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developed to find the range of fault dip angles which are likely to reactivate during 

injection or production. A comprehensive study was performed on the likelihood of fault 

reactivation within reservoirs. A set of sensitivity analyses was conducted to study the 

effect of different parameters such as coefficient of friction, reservoir geometry, and 

depth on the results. Closed-form formulae were derived to find the critical pressure 

change for fault reactivation for a plane strain induced stress change analysis in the 

entire field, and also for a three dimensional induced stress change analysis within the 

reservoir.  

Using the Coulomb failure criterion, different modes of fracturing within a 

reservoir were studied. In addition, simple approaches were developed to identify the 

tendency of the intact rock towards (or away from) fracturing during injection or 

production. For a Coulomb failure criterion, a set of closed-form formulae was derived 

to calculate the critical pressure change for induced fracturing within the reservoir and in 

the entire field for a plane strain induced stress change analysis.  Similarly, using the 

Drucker-Prager failure criterion a formulation was derived to calculate the critical 

pressure change for fracturing within the reservoir for a three-dimensional induced stress 

change analysis.  

Different aspects of the developed models and approaches were applied to study 

induced stress change, fault reactivation and induced fracturing in six different cases: 

Two synthetic case studies; the Lacq gas reservoir in France; the Ekofisk oil field in 

North Sea; the Weyburn oil field in Saskatchewan, and the Zama oil field in Alberta. 

Scenario analyses and sensitivity analyses were performed to attain an improved 

understanding of the geomechanical behavior of porous geological formations (and in 

some cases their surroundings) during injection and production.   

In the first synthetic case study, the theory of inclusions was used for induced 

stress change analysis throughout the entire field. The tendency toward fault reactivation 

and critical pressure change for fault reactivation was determined for the existing faults 

in the field. In addition, patterns of fault reactivation and sensitivity of critical pressure 
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change to coefficient of friction were studied.   

In the second synthetic case study, the theory of inclusions was implemented for 

induced stress change and deformation analysis throughout the field. The results of this 

analysis were used to study general patterns of change in the magnitude and orientation 

of in-situ stresses in the entire field during injection and production. In addition, by 

determination of critical pressure change for the entire field, general patterns of 

faulting/fracturing during production were recognized. A good correlation was observed 

in comparison of the identified patterns of faulting/fracturing with field observation and 

results of physical models. 

The Lacq gas field, in France, has shown induced seismic activity during its 

prodcing life. The objective of this case study was the implementation of the models and 

methodologies developed in this research to the study of fault reactivation in this field. 

The theory of inclusions was implemented to study induced stress change in the field 

and fault reactivation tendency was studied by using the Coulomb Failure Stress change 

methodology. The model-predicted regions of fault reactivation likelihood were in a 

good correlation with the distribution of seismic events. In this case study, patterns of 

induced stress change for inclined reservoir geometry were also compared to a 

rectangular geometry.  

During its producting life, the Ekofisk reservoir has shown evidence of seismic 

activity that is believed to be the result of fault reactivation and/or induced fracturing. In 

this case study, both of these issues have been studied using the methodologies 

developed in this research. The theory of inhomogeneities was used for induced stress 

change analysis within the reservoir. Analysis of critical pressure change for fault 

reactivation shows the likelihood of fault reactivation during the reservoir’s producing 

life. Also, the calculated critical pressure change for induced fracturing within the 

reservoir shows that fracturing has likely occurred within the reservoir. Sensitivity 

analyses were performed to study the effect of different parameters such as in-situ 

stresses, stress change path, and rock strength on the magnitude and type of induced 
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fracturing within the reservoir. 

In the year 2000, carbon dioxide injection started in Weyburn oil field both for 

the purpose of enhanced oil recovery and for CO2 storage. To increase the security of 

CO2 containment, it is important to assess caprock integrity. By comparing the results of 

a relatively simple analytical model with a numerical model, it was shown that the 

analytical formulation can predict the induced stress change for this specific field with a 

high degree of confidence. Prediction of negligible stress change in the surrounding rock 

suggests negligible risk of fracturing and fault reactivation in the rocks that bound the 

reservoir. The high variation of critical pressure change for fault reactivation and 

induced fracturing within the reservoir calculated for different scenarios of in-situ stress 

regime in the field highlights the need of in-situ stress measurements in the field. The 

significant effect of temperature change on induced stress change and failure analysis 

suggests the importance of further thermo-poro-mechanical analysis. 

 The use of the approach presented in this thesis was illustrated with an analysis 

of a pinnacle reef with dimensions and properties representative of reefs in the Zama oil 

field, northwestern Alberta, Canada. Scenarios of pore pressure decrease (during 

historical production operations) and pore pressure increase (during several years of 

water-flooding and acid gas injection operations) were analyzed, for three different 

idealizations of reservoir properties and geometry (two plane strain and one 

axisymmetric). These results suggest that that the potential for induced fracturing is not 

significant at any point within the reservoir or the surrounding rock for both the 

production and injection scenarios that were simulated. Similarly, fault reactivation was 

not predicted for the reservoir or any of the points that were analyzed in the surrounding 

rock. However, fault orientations having the greatest potential for reactivating during 

historical production operations were identified; thus, illustrating a means of using 

geomechanical models to focus geological characterization efforts on the features that 

are most critical to acid gas containment. 
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7.2. Conclusion 

The proposed models and methodologies, while being relatively simple, are quite 

general and flexible in terms of their applicability. These attributes, coupled with the 

modest computational effort required to implement these models and methodologies, 

make them ideally suited for parameter sensitivity analyses to: (i) identify key input 

parameters and understand their potential effects on reservoir performance; (ii) aid in the 

screening process during site selection for hydrocarbon production, waste disposal or 

geological sequestration; and (iii) account for parameter uncertainty in preliminary 

design analyses. In general, however, more detailed and sophisticated models may be 

required for the final performance prediction analyses for such projects. Following, 

some of the major results of this research projects in four different areas are stated: (1) 

induced stress change analysis (2) general patterns of in-situ stress change (3) general 

patterns of fault reactivation (4) general patterns of induced fracturing.  

7.2.1. Induced stress change analysis 

Parameter sensitivity analyses on the geometry of the reservoir indicate that 

induced vertical stresses increase as the reservoir becomes more equi-dimensional in 

cross-section. Induced horizontal stresses decrease as the reservoir becomes more equi-

dimensional in cross-section, except for cases where the shear modulus of the reservoir 

is less than the surrounding rock. Although neglected in many cases, depending on the 

geometry and material property contrast, vertical stress change might be significant even 

for laterally extended reservoirs.  

Using the theory of inhomogeneities, it has been shown that within the reservoir, 

vertical and horizontal induced stresses both decrease as the reservoir:matrix shear 

modulus ratio increases. Also vertical and horizontal induced stresses increase as the 

Poisson’s ratio of the reservoir decreases. The Poisson’s ratio of the matrix has limited 

effect on induced stresses. As such, it will usually be acceptable to make use of the 

simplifying assumption that the matrix and the inhomogeneity have identical Poisson’s 

ratios. With decreasing rigidity of the inhomogeneity, the magnitude of induced stress 
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changes in the matrix increases.  

A simple relationship between thermoelastic and poroelastic stress changes has 

been presented, which enables the calculation of thermally induced stress changes using 

the formulations presented in this thesis for normalized poroelastic stress arching ratios.  

7.2.2. General patterns of induced stress change and in-situ stress evolution  

Three different regions can be recognized during geomechanical analysis of the 

“field” (i.e., the reservoir and the rocks within which it is embedded): (1) the reservoir; 

(2) the central deformation region, which includes overburden and underburden; and  (3) 

the peripheral deformation region, which contains the sideburdens. Within the reservoir, 

induced stress change is extensional during injection within the reservoir. In the central 

deformation region, during injection vertical stress change is compressive and horizontal 

stress change is tensile while in the peripheral region, the vertical stress change is 

extensional and the horizontal stress change is compressive. During production, all of 

the results are exactly opposite. Shear stresses during reservoir pressure change are 

concentrated at the corners of the reservoir. Studies on the tilted reservoirs and dome-

shaped reservoirs show that reservoir geometry might affect these general patterns of 

induced stress change. 

During reservoir pressure change, the orientations and magnitudes of in-situ 

stresses follow a specific pattern. The stress evolution can be interpreted by using a so-

called ‘cavity pattern’ for the change in stress orientation and magnitude. Similar to a 

cavity, under injection, the maximum principal stress tends to become “radial” (i.e., 

perpendicular to the reservoir boundaries), while, during production, this stress tends to 

be tangential (i.e., parallel to the reservoir boundaries). Change in in-situ stresses starts 

from the boundary between the central and peripheral deformation regions and, with 

increasing reservoir pressure change, it expands toward the middle part of the central 

deformation region. In the central part of reservoir, where the induced shear stress is 

negligible, the in-situ stress regime might change as a result of pressure change but the 
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principal stresses remain horizontal or vertical.  

7.2.3. General patterns of fault reactivation 

The application of Coulomb Failure Stress Change (CFS) in case studies shows 

a very good correlation with field observation. The same methodology was used to 

identify general patterns of fault reactivation in a field which shows that, in a normal 

fault stress regime during production, the regions within and near the lateral flanks of the 

reservoir tend towards reactivation; during injection, the underlying and overlying 

regions of the reservoir tend towards reactivation. For a thrust fault stress regime, the 

overlying and underlying rocks tend towards reactivation during production while, 

during injection, the reservoir and rocks near the lateral flanks of the reservoir tend 

towards reactivation.  

It has been demonstrated that, within a reservoir located in a setting with a thrust 

fault stress regime, all fault dip angles tend toward reactivation during injection and 

stabilization during production (unless a stress regime change occurs). For normal fault 

stress regimes, faults with moderate angles around the optimum dip angle tend toward 

reactivation during production and stabilization during injection, while the opposite 

response is predicted for other dip angles.  

Stress path ratio, which is defined in this work as the ratio of horizontal effective 

stress change to vertical effective stress change, has a significant role in the 

determination of fault dip angles tending most strongly toward reactivation for faults 

located within the reservoir. The results show that there is a significant effect of elastic 

property contrast between a reservoir and its surrounding rocks on the stress path, and 

consequently on fault reactivation tendency. Specifically, for a normal fault stress 

regime, fault reactivation is less likely within relatively rigid reservoirs during 

production. In addition, results show that, for a normal fault stress regime, faults in 

reservoirs with larger lateral extents relative to their thicknesses are more likely to 

reactivate during production.  
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Sensitivity analyses of patterns of fault reactivation to coefficient of friction 

show that critical pressure change for fault reactivation within the reservoir is very 

sensitive to the fault strength during production while it is less dependent during 

injection. In the entire field, the boundary between regions tending towards reactivation 

and stabilization is relatively insensitive to the value of the friction coefficient. It has 

been shown that fault reactivation potential is dependent on reservoir geometry and dip 

angle; hence it is important to consider the real reservoir geometry in the analysis of 

induced seismicity and caprock integrity.  

7.2.4. General patterns of induced fracturing and faulting 

Patterns of fracturing in the entire field for both cases of normal and thrust stress 

regime are the same, but the magnitudes of critical pressure changes are different. 

During production, major fractures form in an area which extends above the reservoir 

shoulders and the boundary between the central and peripheral deformation regions. In 

this area, fractures form at the reservoir’s sides in a high-angle orientation and migrate 

upward and toward the center while their dip angle simultaneously decreases, to form a 

cone-shaped sliding volume (with convex upwards curvature) above the reservoir. In 

addition, high-angle normal induced-fracturing is possible in the regions adjacent to the 

reservoir flanks and near the ground surface in peripheral deformation regions, while 

low-angle induced fracturing occurs on the central deformation region. All of these 

observations are in qualitative agreement with field and experimental observations. 

During injection, although low-angle thrust fractures are likely to form in a small region 

adjacent to the reservoir, the greatest tendency towards sub-vertical fracturing occurs in 

the central deformation region, and a cylindrical sliding volume around the limits of the 

reservoir is expected to move upward.  

Within the reservoir, depending on the initial stress state, the reservoir rock’s 

strength parameters, and the path of induced stress change during reservoir production or 

injection, four different modes of fracturing have been recognized: horizontal tensile 

fracturing, vertical tensile fracturing, shear fracturing in a thrust mode (i.e., sub-
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horizontal fractures), and shear fracturing in a normal mode (i.e., sub-vertical fractures).  

Parameter sensitivity analyses showed that variations in the in-situ stresses 

strongly affect both the critical pressure change for fracturing and the fracturing mode, 

which highlights the importance of in-situ stress measurement in the field. A similar 

effect was observed in analyzing the effect of the stress change path. Specifically, the 

common assumption of no change in vertical stress might lead to an under-estimation of 

the critical pressure change for fracturing. In addition, it was shown that the difference 

between rock deformability during production and injection must be considered during 

induced fracturing analysis, due to the hysteresis effect on the stress change path which 

can affect both the critical pressure change and the mode of fracturing. The sensitivity 

analysis on rock strength parameters shows their significant effect on shear fracturing 

during production, while they have a modest effect during injection, in which fracturing 

mainly occurs in a horizontal tensile or a pseudo-tensile mode. Comparing Mohr-

Coulomb and Drucker-Prager failure criteria shows a significant difference between 

these two criteria. 

7.3. Recommendations for future research 

Following is a list of recommendations which can help to improve the achievement 

of this thesis: 

 Numerical models can be implemented to study some features which cannot be 

considered using models presented in this research, such as:  

o Nonlinearity and irreversibility (i.e., plasticity) in mechanical properties 

of the reservoir and surrounding rock.  

o Geomechanical heterogeneity of the reservoir and surrounding rock 

o Dislocation of faults and other discontinuities. 

o Coupling between fluid flow, thermal and geomechanical response of the 

field. 

 Evaluation of the presented methodologies using more case studies. 

 Laboratory and field tests to study the hysteresis response of the field materials 

to injection and production. 
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Even though sufficient data may be lacking to address the effects of these more 

complex material behaviours in most practical field problems, it would be useful to 

study their effects through sensitivity analyses in order to understand their consequences 

at a conceptual level. 
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