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 Abstract 

There has been an increasing awareness of the importance of caprock integrity 

during Steam Assisted Gravity Drainage (SAGD) operations. However, 

mathematical tools that have been developed for caprock integrity studies have 

not incorporated an important characteristic of cap shales, which is the anisotropic 

behavior of the shales. This study focuses on the numerical assessment of the 

Maximum Operating Pressure (MOP) in SAGD projects accounting for the 

anisotropic behavior of cap shales. This research demonstrates the importance of 

capturing shale anisotropy and considering the effect of Natural Fractures (NFs) 

in the accurate prediction of MOP for SAGD projects. 

 A coupled hydro-thermo-mechanical model was developed to assess the MOP of 

SAGD projects. A constitutive model was incorporated and verified to consider 

the effect of NFs and intrinsic anisotropy of the caprock shale. The coupled 

numerical tool was validated against field data and utilized to determine the MOP 

for a SAGD operation. Also, the numerical model was utilized in a series of 

simulations to investigate the effects of sensitivity of the results to several 

characteristics of the NFs and intrinsic anisotropy. 

Results of the coupled tool show that neglecting NFs and intrinsic anisotropy can 

result in MOP overestimation.  The MOP was found to be highly sensitive to the 

fracture density, direction, and height. For the case study, results displayed 

horizontal fractures had minor effect on the MOP while fractures with the dip 

angle between 25° to 65° had a significantly lower MOP and could not be 

neglected. Furthermore, results showed that neglecting the intrinsic anisotropy of 
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caprock shales resulted in an overestimation of the MOP by 7% for the case 

study. 

This research incorporated the intrinsic and structural shale anisotropy in the 

caprock failure analysis model for the first time. Existing numerical models for 

evaluating the integrity of caprocks during SAGD operations employ isotropic 

constitutive laws. These models are believed to be deficient in capturing strongly 

intrinsic and structural anisotropic response of shales and mudstones, which have 

been well documented in applications other than SAGD studies. The isotropy 

assumption for the cap shale in caprock integrity analysis can lead to the 

overestimation of the MOP in SAGD operations. Results of this research can be 

of significant benefit to avoid choosing high MOPs which could lead to caprock 

failure in SAGD operations. 
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𝜆𝑡 = Constant of proportionality for tensile yield mode 

𝜆𝑤 = Water mobility factor 

𝜐𝑎𝑏 = Poisson’s ratio 

𝜉 = Angle between the fracture plane and global horizontal direction 

𝜌 = Fluid density 
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Chapter 1: Introduction 

1.1 Motivation 

Alberta has one of the largest proven oil reserves in the world of which 170 

billion barrels are heavy oil from oil sands having total area of 140,200 km
2
 

(ERCB, 2011). Two types of production methods have been used to extract the oil 

sands reserves: surface mining and in-situ Enhanced Oil Recovery (EOR). The 

area of surface mineable oil sands is only ~3% of the total oil sands area in 

Alberta (CAPP, 2011). Thus, several in-situ thermal and non-thermal techniques 

have been utilized to stimulate and enhance the recovery of heavy oil from deeper 

oil sands reservoirs. 

One of the most important in-situ recovery techniques in Alberta is the Steam 

Assisted Gravity Drainage (SAGD) method. SAGD operation involves the 

injection of large volumes of steam into the reservoir, resulting in considerable 

stress, pore pressure, and temperature changes as well as deformations in the 

reservoir and surrounding strata. Steam injection into the reservoir increases the 

pressure and temperature in the reservoir. The outcome is the reservoir rock 

expansion in the steam chamber and stress alteration in the chamber and 

surrounding strata. As a result, localized shear and/or tensile fractures can develop 

in the reservoir and the cap rock.  

Having a sealing caprock in SAGD operations is of prime importance for 

petroleum operators. The vital objective is the prevention of the escape of 

reservoir fluids and injected steam into the shallower, environmentally sensitive 
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horizons or even to the surface. Subsequent to the catastrophic steam release 

event at Total’s Joslyn Creek SAGD project in May 2006 due to mechanical and 

hydraulic failure of the caprock, ensuring integrity of caprock has gained even 

further prominence by the Alberta Energy Regulator (AER) as well as petroleum 

producers in Alberta, Canada. 

Shales comprise the majority of sedimentary rocks that are drilled to reach the 

hydrocarbon reservoir. Thus, shale research has been at the forefront of research 

in the petroleum industry (Tutuncu, 2010). Experimental evidence indicates that 

most sedimentary rocks, particularly shales and mudstones, behave 

anisotropically (Karakul et al., 2010; Kwasniewski, 1993; Ramamurthy, 1993; 

Horino and Ellickson, 1970; McLamore and Gray, 1967; Hoek, 1964; Donath, 

1964). Shales exhibit strong inherent anisotropy due to the existence of bedding 

planes and the platelet shape of shale grains. This anisotropy manifests itself in 

directional dependency of deformation and strength properties (Duveau, 2001). 

Understanding the anisotropy and its causes is crucial as they strongly influence 

the reservoir and caprock responses. 

Another type of anisotropy, which is called structural anisotropy, has been 

observed in the caprock (Tutuncu, 2010). Structural anisotropy can be caused by 

the Natural Fractures (NFs) in shale. Natural Fractures have been observed in 

SAGD caprocks in Alberta (Chou, 2014). Natural fractures can provide 

preferential flow paths through the caprock for the escape of bitumen and injected 

steam and compromise the caprock integrity. These fractures may be triggered 

and connected to form larger fractures that can compromise the caprock integrity. 
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These NFs also influence the caprock response by inducing structural anisotropy 

in the caprock. 

Several researchers have studied caprock integrity in SAGD projects assuming 

isotropic elasto-plastic behavior for the caprock and neglecting the effect of NFs 

and discontinuities in caprock layers (Smith, 1997; McLellan and Gillen, 2000; 

Collins, 2007; Chalaturnyk, 2011; Khan et al., 2011; Rahmati et al., 2013). 

Isotropic elasto-plastic constitutive laws are believed to be deficient in capturing 

strongly anisotropic response of shale and mudstones. Neglecting intrinsic and 

structural anisotropy could result in significant overestimation of Maximum 

Operating Pressure (MOP) in SAGD projects. 

In this research, a coupled hydro-thermo-mechanical model was developed for the 

assessment of caprock integrity in thermal operations. The coupled tool was 

utilized to assess the MOP in a SAGD case study. The numerical tool was 

validated against field data and employed to determine the effect of shale intrinsic 

and structural anisotropy on the pressure associated with caprock breach. 

A constitutive model was incorporated in this research to capture the effect of 

intrinsic anisotropy and the existence of multiple sets of NF in the cap shale. In 

this constitutive model, a transversely isotropic constitutive model in the elastic 

range was combined with an anisotropic failure criterion to capture the intrinsic 

anisotropy of the cap shale. To consider the effect of multiple NF sets, one yield 

criterion for each single fracture set was added to the constitutive law.  

The coupled tool was used in conjunction with the new constitutive model to 

assess the MOP for a SAGD project. The importance of considering anisotropy in 
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the caprock was demonstrated by comparing the result of the anisotropic and 

isotropic models. Furthermore, different case scenarios in terms of fracture 

density, dip angle, height, and number of fracture sets were considered to 

investigate their effect on the MOP.  

1.2 Problem statement 

Some progresses have been achieved in the last decade in quantifying the MOP 

for thermal operations. However, the effect of intrinsic anisotropy and NFs in the 

cap shale on the MOP in SAGD projects has not been accounted for. 

Intrinsic and structural anisotropy have commonly been observed in shale 

formations around the globe, critically impacting their flow and mechanical 

properties (Tutuncu, 2010; Chou, 2014). Existing numerical models for caprock 

integrity assessment have neglected both the intrinsic and structural anisotropy of 

the cap shale. In this research, a constitutive law capable of capturing both 

intrinsic and structural anisotropy of shales was coded, implemented and utilized 

in conjunction with a coupled hydro-thermo-mechanical model for caprock 

integrity assessment. The model was used in a case study to demonstrate the 

significance of incorporating shale anisotropy on the MOP. 

1.3 Research objectives 

The main aims of this research are as follows: 

 Incorporate a constitutive law to capture the effect of shale’s elasto-plastic 

intrinsic anisotropy and multiple sets of NFs in the cap shale on the MOP. 

The constitutive model has to be robust to allow handling a coupled 



5 

 

hydro-thermo-mechanical field-scale model for multiple years of SAGD 

operation with significant number of elements (around 100,000 elements) 

in a reasonable time. 

 Implement the constitutive model in an integrated geomechanics-fluid 

flow workflow for caprock integrity analysis and assess the MOP. This 

aim is attained by developing an iteratively coupled hydro-thermo-

mechanical model to capture important phenomena in the SAGD reservoir 

and caprock. 

 Investigate the influence of caprock anisotropy on the MOP, and the 

design of SAGD operations. 

 Investigate the effect of different parameters including height, density, and 

number of NF sets on the MOP of SAGD reservoirs. 

These objectives are achieved by coding and implementing an anisotropic 

constitutive model, validation and the verification of the constitutive model, 

development of a coupled hydro-thermo-mechanical model, validation of the 

coupled tool against field data, and the investigation of the effect of anisotropy 

(intrinsic and structural) on the MOP in SAGD reservoirs. 

1.4 Research hypothesis 

The injection of high temperature and pressure steam into the reservoir increases 

the reservoir temperature and pressure causing vertical and horizontal expansion 

of the oil sands. The reservoir expansion results in the variation of stresses in and 

around the reservoir. 
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Figure  1.1 presents schematically the vertical stress in a horizontal cross section 

in the caprock. Vertical stress directly above the steam chamber increases due to 

the expansion of the reservoir oil sands in the vertical direction. As the amount of 

the overburden weight on each horizontal cross section is constant, the increase of 

the vertical stress above the steam chamber is compensated by the decrease of the 

vertical stress at the flanks of the steam chamber.  

Figure  1.2 shows schematically the horizontal stress profile for a vertical cross 

section. The lateral expansion of the steam chamber due to the steam injection 

results in an increased horizontal stress at the reservoir level. The increase in the 

horizontal stress at the reservoir interval is compensated by the decrease of the 

same at the over- and underburden strata. The increased vertical stress and 

decreased horizontal stress in the caprock lead to higher shear stresses in the 

caprock and increase the potential for shear failure across the caprock. 

For the same vertical stiffness, anisotropic caprocks possess higher stiffness in the 

bedding direction. A hypothesis for this research is that the amount of drop in 

horizontal stresses is more substantial for anisotropic caprocks due to their higher 

horizontal stiffness. Therefore, higher shear stresses develop in the anisotropic 

compared to the corresponding isotropic caprock during the SAGD operation 

resulting in a lower MOP. 

Furthermore, the NFs in the caprock decrease the strength properties of the cap 

shale. Stress alterations in the caprock during the steam injection could trigger the 

NFs and compromise the caprock integrity. The existence of NFs could decrease 

the MOP of SAGD reservoirs and should be taken into account. 
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Figure  1.1 Expected vertical stress profile due to injection 

 
Figure  1.2 Expected horizontal stress profile due to injection 

1.5 Thesis outline 

This thesis is organized in five chapters: 

Chapter 1 (the current chapter) provides the background and the scope of this 

research. 

Chapter 2 contains a literature review on SAGD phenomena with particular 

emphasis on the caprock integrity assessment and the anisotropic behavior of 

caprock shales. This review also presents different factors that influence the 

mechanical properties of shales, and the existing constitutive models for 

anisotropic rocks. A review of existing numerical models for caprock integrity 
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assessment in SAGD operations is also presented. The nature of shale anisotropy 

is reviewed and observations of the NFs in Alberta shales and their origin are 

discussed in this chapter. 

Chapter 3 presents the theoretical background and verification of the coupled tool 

and the anisotropic constitutive law. This chapter also presents the governing 

equations for SAGD analysis and describes the coupled hydro-thermo-mechanical 

model and the constitutive law for this research along with their verification. 

Chapter 4 presents the validation of the coupled hydro-thermo-mechanical model, 

the caprock integrity analysis for a SAGD project considering only the intrinsic 

anisotropy of the cap shale, and the comparison of the results with the 

corresponding case with isotropic cap shale. 

Chapter 5 numerically investigates the effect of both intrinsic anisotropy of shale 

layers and NFs on the MOP of SAGD reservoirs. A sensitivity analysis is 

conducted to study the effects of fracture parameters such as fracture height, 

density, dip angle, and number of fracture sets on the MOP. 

Chapter 6 summarizes the major findings of this research and presents 

suggestions for future research on this topic.  

1.6 Significance of the work 

There is 1.6 to 2.5 trillion barrels of oil in place in western Canada. However, 

most of it is embedded in oil sands and hence difficult to be produced with 

conventional methods (Jun et al., 2012). SAGD is one of the most popular 

techniques to produce oil from these oil sands. In Northern Alberta, Canada, 
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caprock integrity is an important environmental concern in heavy oil production. 

On May 18, 2006, steam injection at Joslyn Creek thermal bitumen project 

induced a catastrophic disaster due to the loss of caprock containment. This 

resulted in a steam release to the ground surface, forming a 75 m by 125 m 

surface crater, throwing rocks nearly 300 m away from the release point, and 

creating 1-km high dust plume (ERCB, 2010). Increased attention was given to 

ensure caprock integrity after this catastrophic incident. 

On January 3, 2009, a surface release of bitumen emulsion was discovered in the 

Primrose East development area operated by the Canadian Natural Resources 

Limited’s (CNRL) (ERCB, 2013). Alberta Energy Regulator (AER) is of the view 

that the caprock was likely breached by high-pressure steam injection due to the 

failure of a series of pre-existing fractures and faults (ERCB, 2013). 

Most of the numerical models that have been developed to study caprock integrity 

are based on isotropic and homogenous assumptions for the cap shale. Shale 

anisotropy and existence of NFs are important features that should be accounted 

for in the formulation of constitutive models, particularly in caprock integrity 

studies. Shale layers exhibit inherent anisotropy due to their micro and macro 

structure and also they show structural anisotropy due to the existence of NFs. 

Isotropic models for shale layers can lead to incorrect results and MOP 

overestimation for SAGD operations. 

Using the proposed constitutive model in conjunction with the hydro-thermo-

mechanical coupled tool can significantly improve the stress and deformation 
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predictions within the reservoir and the caprock. The proposed model increases 

the accuracy of calculated MOP for SAGD projects. 

This research provides evidence to highlight the need to consider the influence of 

anisotropy in the design of SAGD operations and the analyses of caprock 

integrity. The modelling and result analysis in this research enhances the 

understanding of the role of shale anisotropy on caprock deformation and failure 

during SAGD operations. Such improved understanding can help reservoir 

engineers in better reservoir management and field development.  

This research can be of significant benefit in optimizing engineering performance, 

maintaining safety and minimizing environmental footprint. 

1.7 Sign conventions 

The following sign conversions are used in this thesis. 

 Stress: Positive stresses indicate tension; negative stresses indicate 

compression. 

 Strain: Positive strains indicate extension; negative strains indicate 

contraction. 

 Pore pressure: Fluid pore pressure is positive in compression. 

 Gravity: Positive gravity pulls the mass of a body downward.  
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Chapter 2: Literature Review 

2.1 Introduction 

This chapter presents a brief literature review on the geological aspects of Alberta 

oil sands and surrounding strata, a few cases of caprock failure in thermal 

projects, SAGD-induced stress alterations in the SAGD reservoir and surrounding 

strata, and the potential causes of caprock integrity breach. A review is also 

presented on the comparison of different coupling methods between 

geomechanical and hydro-thermal calculations and different exiting models for 

caprock integrity assessment.  

This chapter also contains a literature review of the mechanical behavior of shales 

and discusses the effect of different parameters including temperature, confining 

pressure, mineralogy, and swelling on the mechanical behavior of shales. Also, 

existing constitutive models that have been designed to capture the anisotropic 

behavior of shales are reviewed.  

Existence of NFs could be the source of structural anisotropy in the caprock. A 

literature review on the origin of NFs in Alberta, Canada is also 

 presented in this chapter. 

2.2 Caprock definition 

Caprock is an impermeable layer of rock above a hydrocarbon reservoir, 

providing a seal in containing the reservoir fluids or gases. Caprock formation is 

usually located immediately above or near the edge of reservoir.  
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Caprock integrity refers to the preservation of the physical boundary created by 

the overburden layer directly above a formation that is under increased pressure 

due to the injection of a substance not normally present in the formation. This 

injection causes an increase in the pressure that, if greater than the loading 

capacity of the overburden layer, can cause the breach of the caprock allowing for 

the release of pressurized gas and/or produced fluids to the surface. 

2.3 Geological overview of Alberta oil sands 

Alberta oil sands are located in three major deposits in Northern Alberta. They 

include Athabasca, Cold Lake, and Peace River oil deposits. Below, we focus on 

the geology of Athabasca oil sands, and from this region, we zoom on MacKay 

River area, which is the area of focus in the case study for this research. 

The following geological description has been adopted from Petro-Canada Corp. 

(2005a). Cretaceous McMurray formation contains the main oil sands deposits in 

the MacKay River area. McMurray formation in this area is confined from the top 

with Clearwater formations and from the bottom with Beaverhill Lake limestones. 

The Glacial Quaternary Deposits are laid on top of the Clearwater formations. 

Stratigraphic column of MacKay River area is presented in 

Table  2.1. 

Clearwater formation in the MacKay River area is divided to Wabiskaw member 

(shale/sandstone) and Clearwater shale. The Wabiskaw member (which is divided 

to Wabiskaw A, B, C, and D) is located under deposits of Clearwater shale. 
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Pleistocene deposits are laid on top of the Clearwater formation and have 

thickness of up to 70 m.  

Table  2.1 General stratigraphic column in general MacKay River region, Alberta (after Petro-

Canada Corp., 2005a) 
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Basal Red Beds 
Granite Wash 
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2.3.1 Devonian sediments 

In the MacKay River area, the Devonian formation consists of limey shale and 

argillaceous carbonate of Waterways formation in the Beaverhill Lake Group 

(Petro-Canada Corp., 2005a). Devonian formation in this area is impermeable; 

therefore, it forms an effective base rock for the SAGD operation. Furthermore, 

this formation does not contain bitumen resources in this area (Southern Pacific 

Resource Corp., 2011).  
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2.3.2 McMurray formation 

The McMurray formation is typically divided into the lower, middle, and upper 

McMurray in the Athabasca oil sands area (Petro-Canada Corp., 2005a). 

However, McMurray formation is mainly composed of upper McMurray in the 

MacKay River area. The upper McMurray member contains the main oil sands 

deposits in this area (Southern Pacific Corp., 2011).  

The upper member of McMurray formation shows the highest evidence of marine 

influence on sedimentation in comparison with lower and middle McMurray. 

Also, the upper McMurray shows more regionally extensive deposition pattern 

and more trace of fossils (Southern Pacific Corp., 2011).  

2.3.3 Clearwater formation 

Clearwater formation is divided into the Wabiskaw and Clearwater members.  

2.3.3.1 Wabiskaw member 

Wabiskaw member in MacKay River area is divided into Wabiskaw A, B, C, and 

D. In the MacKay River area, the Wabiskaw D thickness ranges from 0 to 22 m 

and consists of sandstone. Wabiskaw C consists of sandstone, shale, and 

siltstones. The Wabiskaw C thickness varies between 1 to 5 m in this area. 

Wabiskaw B and A members are mainly composed of shale and have thickness of 

6 to 8 m and cap the Wabiskaw C sandstone unit (Petro-Canada Corp., 2005a).   

2.3.3.2 Clearwater member 

In the MacKay River area, most of the Clearwater member consists mainly of 

shale and minor siltstone. Clearwater shale is laid directly on top of the Wabiskaw 
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member. Clearwater shale has a thickness between 17 to 86 m in the MacKay 

River area (Petro-Canada Corp., 2005a).  

2.3.3.3 Quaternary Deposits 

Quaternary Glacial Deposits have been deposited above the Clearwater shale. The 

Glacial drift consists of clay, silt, and sand and has 15 to 25 m thickness (Petro-

Canada Corp., 2005a). 

2.4 Caprock failure cases in thermal projects in Alberta, Canada 

Several cases of caprock failure have been reported in Alberta. In this section, 

these incidents are listed in chronological order. 

 Texaco/ Fort McMurray/ 1980s 

In the 1980s, Texaco created a geyser of bitumen and salt water in Fort 

McMurray area (Nikiforuk, 2014). There is a little literature on the blowout. 

 Imperial Oil/ Cold Lake/ 1988 

In the Cyclic Steam Stimulation (CSS) operated by Imperial Oil Company, high 

pressure and temperature steam broke through an evaluation well. The incident 

resulted in the spread of 6,000 barrels of oil and 4,000 barrels of toxic water in the 

forest. The blow-out contaminated shallow aquifers in the area with chlorides 

(Nikiforuk, 2013). 

 Total/ Joslyn Creek/ 2006 

On May 18, 2006, a loss of caprock containment occurred at the Total Joslyn 

Creek SAGD project located about 60 km north of Fort McMurray, Alberta. This 
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incident resulted in a steam release at ground surface, which lasted about 5 

minutes. The incident formed a 75 m by 125 m surface crater, and threw rocks 

nearly 300 m away from the release point (ERCB, 2010). 

 CNRL/ Primrose East/ 2009 

At Primrose East, Canadian Natural Resources Limited’s (CNRL) injected high-

pressure steam into 80 wells at four pads in a CSS operation. On January 3, 2009, 

a surface release of bitumen emulsion was discovered in the Primrose East area 

(ERCB, 2013). Bitumen broke through to the surface at two well sites. The 

operator removed more than 12,000 tons of bitumen, water, snow, and muskeg to 

a landfill (Nikiforuk, 2013). 

2.5 Geomechanical phenomena in the reservoir and surrounding 

strata  

The injection of steam into the SAGD reservoir may trigger several subsurface 

and ground surface phenomena as schematically illustrated in Figure  2.1. 

 
Figure  2.1 Possible geomechanical phenomena in SAGD (after Rahmati et al., 2014) 
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Thermal expansion of reservoir oil sands is an important aspect of SAGD 

operations. Influx of heat in the reservoir causes vertical and lateral expansion of 

the oil sands, transferring strain and deformation to the surrounding strata. 

Typically, conductive thermal expansion of the saturating fluids at the flanks of 

the steam chamber exceeds that of the sand pore space, resulting in increased pore 

pressures, reduced effective stresses, and increased potential to the shear yield at 

the reservoir flanks. Further, thermal expansion of the oil sands alters the total 

stress in the lateral direction due to the restraint against lateral deformation by the 

side-burden. The lateral stress increase at the reservoir interval is compensated by 

the lateral stress decrease at the cap and base rock intervals. Increased pore 

pressure, induced lateral stresses, and decrease in the vertical stress at the side 

burden increase the shear stresses and this may result in shear yielding and 

dilative deformation at the flanks of the steam chamber. 

The reservoir expansion is also partially resisted in the vertical direction resulting 

in an increase in the vertical stresses in the cap rock and some surface heave. The 

increase in vertical stress above the steam chamber is compensated by the vertical 

stress decrease at the reservoir flanks, a phenomenon called thermal jacking 

(Collins, 2006).  

The thermal conduction of reservoir heat into the cap shale increases the pore 

pressures there. The Mohr circle diagram in Figure  2.2 demonstrates the effect of 

increasing fluid pressure on the effective stress state in the caprock. From the 

figure, it is obvious that increasing fluid pressure reduces effective normal stress 

and shifts the Mohr circle to the left. The increased pore pressure combined with 
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the increased vertical stress and reduced lateral stress in the caprock increases the 

shear stress. Shear failure occurs once the circle intersects with the envelope. The 

caprock shear strength must withstand the shear stresses developed by the SAGD 

operation in order to sustain the caprock integrity throughout the development 

procedure. Furthermore, decreased lateral stresses in the caprock increases the 

risk of tensile failure in the caprock. Another potential hazards resulting from 

these induced stress changes is the reactivation of existing faults or NFs and 

inducing new fractures, which may breach the hydraulic integrity of the caprock 

that bounds the reservoir. 

 
Figure  2.2 Effect of pore pressure increase/decrease associated with injection/production on 

Mohr’s circle 

2.6 Existing models for the analysis of stress variations during 

reservoir operation 

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 distribution throughout a field. These models are 

based on simplified geometrical and fluid flow assumptions, and are usually 
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developed using the assumption of linear poro-elasticity for the reservoir and 

surrounding rocks (e.g., Segall, 1985). 

To analyze more complicated reservoirs, accounting for more realistic geometries 

and rock/fluid behavior, 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. 

The most important advantages of numerical models are their ability to model 

discontinuities, complex reservoir geometries and fluid flow. 

2.6.1 Semi-analytical analysis 

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

of real problems, usually they are faster and the solution process is more stable 

than numerical models. Semi-analytical solutions for poro-elastic stress and strain 

fields induced by subsurface fluid pressure changes are useful because of their 

relative ease of implementation and their suitability for parameter sensitivity 

analyses (Wong and Lau, 2008), which facilitates gaining an insight to the physics 

of the problem. These methods generally try to solve the poro-elastic equilibrium 

equations which, in their general form, are (Segall, 1992): 

𝐺𝛻2𝑢𝑖 +
𝐺

1 − 2𝜈

𝜕2𝑢𝑗
𝜕𝑥𝑖𝜕𝑥𝑗

− 𝛼
𝜕𝑃𝑝
𝜕𝑥𝑖

+ 𝑓𝑖 = 0 (1) 

where 𝑢𝑖 are the displacement components, 𝐺 denotes the shear modulus, ν is the 

Poisson’s ratio, Pp is the pore pressure and 𝑓𝑖 represents body forces. There are 

four types of semi-analytical models proposed by different researchers: (1) theory 
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of strain nuclei, (2) theory of inclusions, (3) theory of inhomogeneity, (4) 

borehole stability model. 

2.6.1.1 Theory of strain nuclei 

One of the first solutions for homogeneous, poro-elastic media was derived using 

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

Rahmati et al. (2013) applied the inverse of nuclei of strain concept to study 

caprock integrity in MacKay River SAGD operation located in Alberta, Canada. 

In this study, the nucleus-of-strain inversion formula was coded into a computer 

program to calculate the reservoir volumetric strains, using heave data at the 

surface. Then, the reservoir volumetric strains were used in a forward model to 

calculate stress alterations in the surrounding strata (Rahmati et al., 2013).  

Among several restricting assumptions in the theory of strain nuclei is the uniform 

properties for all strata above the reservoir. 

2.6.1.2 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 

due to the constraint imposed by the matrix that surrounds it, the strain field 
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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. For an axisymmetric 

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

proposed using a 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. The main limitations of this model are: 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. 

2.6.1.3 Theory of Inhomogeneity 

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

previously discussed methods. Most reservoirs have remarkably different 

mechanical properties than the surrounding rock. The contrasts 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 Eigen-strains can be transformed into an equivalent inclusion problem. 
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2.6.1.4 Borehole stability model 

Chen and Teufel (2001) used a plane strain model which had been proposed by 

Ochs et al. (1997) for the the assessment of stress alterations due to production 

from an openhole within a horizontal, elastic, isotropic and homogeneous layer 

with impermeable upper and lower boundaries. 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. One important fact is that the reservoir in this model is of 

cylindrical shape with unit thickness, neglecting the vertical 

compaction/expansion of the reservoir.  

2.6.2 Numerical analysis 

Numerical analysis allows obtaining more accurate solutions by relaxing many 

assumptions that are necessary in analytical models of complex multi-physics 

problems.  

A numerical study of caprock integrity in a non-thermal polymer flooding project 

was carried out by Ansari et al. (2012). They presented a case study of hydraulic 

and mechanical integrity of Wabiskaw caprock for multiple injection scenarios. 

They concluded that coupled reservoir-geomechanical modeling is necessary for 

predicting caprock failure (Ansari et al, 2012). 
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Jun et al. (2012) applied a coupled reservoir-geomechanical model to find the 

potential for tensile and shear failure associated with high pressure-temperature 

steam injection into a reservoir. They concluded keeping the injection pressure 

below the caprock fracturing pressure does not guarantee the caprock integrity 

and other failure modes should also be checked. 

Other notable numerical studies of caprock integrity in the SAGD context include 

Uwiera-Gartner et al. (2011), Zhang et al. (2012), Walters and Settari (2012), and 

Khan et al. (2010). Table  2.2 lists some of the numerical studies of caprock 

integrity in different types of projects around the world. In these studies, the 

caprock is assumed to be isotropic.  

It is well known that the shales exhibit significant anisotropy with respect to 

stiffness and strength (Donath, 1964; Hoek, 1964; McLamore and Gray, 1967; 

Horino and Ellickson, 1970; Kwasniewski, 1993; Ramamurthy, 1993; Karakul et 

al., 2010). Hence, isotropic models are believed to be deficient for use in the 

simulation of anisotropic caprock behavior. 
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Table  2.2 Different numerical models in caprock integrity studies 

Author Context Coupling method 
Failure 

criterion 

Ansari et al., (2012) Polymer flooding Coupled Mohr-Coulomb 

Uwiera-Gartner et al., (2011) SAGD  

Coupled 

 

Mohr-Coulomb 

Zhang et al., (2012) Waterflooding Non-coupled Linear Elastic 

Walters et al., (2012) SAGD  Iteratively coupled Mohr-Coulomb 

Jun et al. (2012) SAGD  Iteratively coupled Mohr-Coulomb 

Khan et al. (2010) Carbon storage Iteratively coupled Mohr-Coulomb 

Khan et al. (2011) SAGD  Iteratively coupled Mohr-Coulomb 

Current techniques for coupling fluid flow and geomechanical analysis include 

the classical, one-way coupling, iterative coupling, and fully coupled approach. 

The following discussion on the suitability of these approaches is based on Li and 

Chalaturnyk (2006) and Gutierrez et al. (2001).  

The classical approach is the most simplistic coupling method by including the 

rock compressibility in the flow equations to consider the solid-fluid interaction. 

The one-way coupling approach involves no feedback of changes in the reservoir 

porosity and permeability from the geomechanical simulator into the fluid flow 

simulator. The solution in this method is fast but accurate solutions cannot be 

guaranteed. 
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In the iterative coupling approach, fluid pressures calculated by the reservoir 

simulator are transmitted to the geomechanical simulator that computes stresses 

and strains which are then fed back into the flow simulator to alter the 

permeability and porosity. The deformation and flow calculations are performed 

in several iterations for each time step until the solutions converge within a 

tolerance. The solution then moves to the next time step. 

In the fully coupled approach, displacements, pressures, and saturations are 

calculated simultaneously. The fully coupled approach provides the most accurate 

solutions. However, it is computation demanding and can present severe 

convergence problems (Dusseault and Rothenburg, 2002; Settari, 2005).  

Tran et al. (2005) indicated that the “iterative coupling method is the most 

preferable method for field-scale simulation” so far. Settari (2005) also concluded 

that when “there is convergence on the iterative coupling process, the solution is 

similar to the one obtained by a fully coupled simulation”. Samier et al. (2006) 

also commented about fully coupled systems and highlighted that the “feasibility 

and accuracy of such simulators, as far as complex and large-scale reservoir 

systems are concerned, have yet to be proven”. Settari (2005) concluded that the 

“most appropriate method should allow the incorporation of the physics of the 

problem”. For example, in the cases of elastic-plastic problems with history 

matching, a tighter coupling should be used, i.e., an iterative coupled solution. 

Tran et al. (2005) introduced a porosity formula that improved the accuracy of the 

coupling and reduced the number of iterations to converge. However, in his 
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formula a simplifying assumption is that the pore volume before and after the 

application of heat is considered constant. For the choice of coupling method,  

2.7 Shales mechanical behavior 

In this section, several aspects of the shale mechanical behavior are discussed. 

These include mechanical anisotropy, strain softening response, and shale 

swelling due to exposure to water. 

2.7.1 Mechanical anisotropy of shales 

Almost 80% of sedimentary rocks drilled for hydrocarbon production are shales 

(Tutuncu, 2010). Shales mainly consist of clay minerals and quartz with feldspar, 

carbonates, phosphates, and pyrite also being common inclusions (Potter et al., 

2005). The clay platelets (Figure  2.3) at the micro- and macro-scale offer a key 

source of intrinsic anisotropic characteristics to shales (Tutuncu, 2010). 

 
Figure  2.3 Shale fabric structure (after Wong, 1996) 

Intrinsic (fabric) anisotropy in shale is generated by the preferred orientations of 

the clay matrix, shape/distribution of organics, and alignment of elongated fossils. 

The aggregates of aligned clay minerals can be observed under Scanning Electron 

Microscope (SEM) (Sone, 2012). 
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The existing experimental evidence (Donath, 1964; Hoek, 1964; McLamore and 

Gray, 1967; Horino and Ellickson, 1970; Kwasniewski, 1993; Ramamurthy, 

1993; Nasseri et al., 2003; Colak and Unlu, 2004; Karakul et al., 2010) indicates 

that most sedimentary and metamorphic rocks, especially shales, display a strong 

anisotropy of strength. Rocks flow and recrystallize under new tectonic stresses 

and form weak foliation planes. These planes of weakness (i.e. schistosity and 

foliation) affect the strength and deformational behaviors of rocks with orientation 

of applied stresses (Saeidi et al., 2014). Hence, these types of rocks usually 

exhibit some preferred orientation of fabric or possess distinct bedding planes, 

which result in transversely isotopic behavior at the macro-scale (Lo et al., 1986). 

Donath (1964) investigated the fracture strength of shale and slate from samples 

cored at various orientations relative to the cleavage plane. He showed that the 

strength parameter as well as the deformation characteristics of the material is 

highly dependent on the orientation of anisotropy with respect to the principal 

stress directions. He also showed that the cohesive strength and the coefficient of 

internal friction were functions of the anisotropy. 

Chenevert (1965) determined the variation of the elastic constants, Young’s 

modulus and Poisson’s ratio, for three types of laminated rocks. He determined 

that there was insignificant variation in Young’s modulus within the plane of 

anisotropy (bedding plane) but considerable variation in Young’s modulus 

between this plane and planes perpendicular to the lamination.  

McLamore and Gray (1967) performed series of undrained triaxial tests on 

different shale and slate samples. They concluded that the compressive strength 
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behavior of anisotropic rocks is a function of both the effective confining stress 

and the orientation of the plane of anisotropy with respect to the applied stress. 

They also stated that the anisotropic behavior tends to decrease with increasing 

effective confining stress. Figure  2.4 presents the peak deviatoric stress as a 

function of the angle between the maximum principal stress and the lamination 

direction (θ). The minimum strength for this sample occurred at θ angles close to 

45°. 

Figure  2.5 shows stress-strain behavior for different confining stresses in different 

directions for a shale sample (McLamore and Gray, 1967).  

 
Figure  2.4 Variation of the peak deviatoric stress for triaxial compression test with the core plug 

direction (after McLamore and Gray, 1967) 
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Figure  2.5 Stress-strain curves for a shale sample for various confining pressures: (a) θ=10°, (b) 

θ=90° (after McLamore and Gray, 1967) 

Gautam and Wong (2006) performed a series of drained triaxial tests and confined 

torsion tests on Colorado shale core samples, taken from Alberta, to investigate 

transversely isotropic stiffness parameters at small strain deformation. They 

concluded that Colorado shale could be approximated by a transversely isotropic 

elasticity model at small strain. For small strain (less than 1%), the Colorado shale 

is anisotropic with an anisotropy ratio Eh Ev⁄ = 1.98 and Ghh Gvh⁄ =

1.86 and 1.5 for those second White Specks and Westgate formations, 
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respectively. Table  2.3 shows the results of triaxial tests conducted for the 

investigation of anisotropy for Second White Specks and Westgate of Colorado 

shale group (Gautam and Wong, 2006). 

Table  2.3 Results of triaxial tests for the investigation of anisotropy (after Gautam and Wong, 

2006) 

Test No. Formation Depth (m) EV (MPa) 𝝊𝒗𝒉 Eh (MPa) 𝝊𝒉𝒉 

TRIAXV5 SWS 196.0-197.5 726 0-0.12 - - 

TRIAXV7 WG 294.8-296.2 400 0-0.08 - - 

TRIAXV8 SWS 196.0-197.5 582 0-0.2 - -- 

TRIAXV9 WG 236.0-237.5 630 0-0.3 - - 

TRIAXH14 SWS 196.6-203.5 - - 1198 - 

TRIAXH15 WG 236.0-237.5 - - 1250 - 

TRIAXH16 WG 294.0-295.5 - - 1150 0-0.11 

Note: TRIAXV, triaxial test on vertically oriented core sample; TRIAXH, triaxial test on horizontally 

oriented core sample.  

Wong et al. (2008) studied the Colorado shale samples from Cold Lake, Alberta, 

Canada. They used ultrasonic waves to determine the five elastic parameters and 

compare the results with those obtained in drained triaxial tests. They showed that 

shale samples display higher elastic moduli in the horizontal direction compared 

with the vertical direction because of the preferred clay fabric orientation. 

Figure  2.6 shows their result for the elastic properties of Colorado shale in 

different directions. 
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Figure  2.6 Estimation of Young’s modulus and shear modulus in drained conditions (after Wong 

et al., 2008) 

2.7.2 Softening behavior and Young’s modulus in relation to confining 

pressure and temperature for shale samples 

Niandou et al. (1997) performed a series of undrained triaxial tests on Tournemire 

shale samples. They studied the elastic response, plastic deformation and failure 

behavior of the shale samples. They concluded shale exhibits a large anisotropic 

plastic deformation. Figure  2.7 shows the triaxial data presented by Niandou et al. 

(1997). As it can be seen from their tests, softening behavior of the anisotropic 

shale increases with the decrease of confining pressure. 

Another set of triaxial tests have been performed by Islam et al. (2013) to study 

the anisotropic mechanical properties of shale through undrained tests. They used 

Pierre-1 shale samples for their triaxial tests. Figure  2.8 shows the stress-strain 

behavior of shale samples cored in different directions. 
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Figure  2.9 shows the stress-strain curves at different confining pressures for 

Pierre1 shale sample on vertical core samples (Islam et al., 2013). The plot 

indicates higher peak strength and Young’s modulus at higher confining stresses. 

 

 

 
Figure  2.7 Triaxial tests in different directions on Tournemine shale samples: a) θ=90°, b) θ=45°, 

and c) θ=0° (after Niandou et al., 1997) 
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Figure  2.8 Strain-stress curves at confining pressure of 25 MPa for core plugs in different 

directions (after Islam et al., 2013) 

 
Figure  2.9 Strain-stress curves for Pierre-1 shale sample for vertical core samples at different 

confining pressures (after Islam et al., 2013) 

Triaxial tests have been performed by Islam et al. (2013) on Pierre-1 shale 

samples indicating a small softening behavior for the shale particularly at high 

confining pressures. It can be seen that the shale samples show more ductile 

behavior at high confining pressures.  

Zeuch (1983) performed a series of triaxial tests on Anvil Points oil shale at 

elevated temperatures and confining pressures. He concluded that the strength of 

the oil shale samples increases approximately linearly with confining pressure and 
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decreases nonlinearly with temperature. He also concluded that ductility is greatly 

enhanced by the application of confining pressure. Elevated temperatures have 

little influence on ductility at low confining pressures; however, temperature 

exerts a progressively more pronounced influence on ductility with increasing the 

confining pressure (Zeuch, 1983). Figure  2.10 shows the stress-strain curve at 

200°C on horizontal samples (Zeuch, 1983). 

 
Figure  2.10 Compressive stress versus axial strain at 200°C and various confining pressures (after 

Zeuch, 1983) 

Wong (1998) performed a series of drained triaxial tests on La Biche shale. 

Figure  2.11 shows stress-strain curves for La Biche shale at different confining 

stress. The results indicate nearly the same Young’s modulus at different low 

confining pressures for this rock. 
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Figure  2.11 Results of drained triaxial compression tests on intact shale specimens (after Wong, 

1998) 

Figure 2.14 and 2.15 show the results of drained triaxial tests performed on upper 

and lower McMurray Formation shale at different confining pressures 

(Chalaturnyk, 1996). The results show small softening effects at high confining 

pressures. 

 
Figure  2.12 Consolidated-drained triaxial compression tests on upper McMurray Formation Shale 

(after Chalaturnyk, 1996) 
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Figure  2.13 Consolidated-drained triaxial compression tests on lower McMurray Formation Shale 

(after Chalaturnyk, 1996) 

Mohamadi et al. (2013) performed a series of undrained triaxial tests on Colorado 

shale samples in different confining pressures and temperatures. Figure  2.14 

shows the result of triaxial tests in 25, 85, and 135 °C. The results show that at 

constant confining pressure with the increase of temperature, shale samples show 

more ductile behavior and effect of strain softening is less. 

 
Figure  2.14 Results of triaxial compression tests at different temperatures and at 1 MPa confining 

pressure (after Mohamadi et al., 2013) 
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In summary, shale formations show softening behavior. However, the increase of 

confining stress and temperature reduces the softening effect and enhances 

ductility. 

2.7.3 Effect of mineralogy on mechanical properties of shales 

Mineralogy of shale formations can significantly impact the mechanical 

properties of shale samples. Figure  2.15 is the result of an experimental study on 

different shale samples and shows the increase of clay minerals in shale formation 

leads to higher ductility of the shale formation (Alqahtani et al., 2013). 

 
Figure  2.15 Composition of different shale samples (after Alqahtani et al., 2013) 

Table  2.4 presents the X-Ray Diffraction analysis of Clearwater formation shale 

(Cenovus, 2011). The total clay content of the Clearwater ranges from 44% to 

74% and total smectite content from 14 to 47%. Average clay content of the 

Clearwater formation shale is 62.1%. By considering the total clay content of 

Clearwater formation and Figure  2.15, one may expect Clearwater shale should be 

on the ductile side. 
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Table  2.4 Summary of Clearwater formation mineralogy (after Suncor Energy, 2009) 

Sample depth 

Clays 

Total Clay 

Kaol Chl Ill ML Smec 

141.88-141.93 m 14 0 16 0 14 44 

154.32-154.37 m 13 0 17 0 36 65 

160.88-160.93 m 3 0 24 0 28 66 

170-170.05 m 9 0 18 0 47 74 

174.45-174.5 m 11 0 14 0 42 57 

178.6-178.65 m 10 0 17 0 40 67 

2.7.4 Effect of shale anisotropy on thermal characteristics 

Many researchers have reported significant differences between thermal 

conductivity corresponding to heat flow in the direction perpendicular to the shale 

bedding and that corresponding to heat flow in the direction parallel to the 

stratigraphic planes (e.g., Dell’Amico et al., 1967; Nottenburg et al., 1978; 

Sladek, 1971; Robertson, 1979). In general, thermal conductivities parallel to the 

bedding planes are higher than those obtained perpendicular to the bedding 

planes. For shale from the Conassauge Group, Dell’Amico et al. (1967) reported 

that thermal conductivity values parallel to the bedding plane were 30% higher 

than those obtained perpendicular to the bedding plane; while Nottenburg et al. 

(1978) reported that the increase exhibited by shales from the Green River 

Formation was around 50%. 
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2.7.5 Swelling effect of shales 

This part is retrieved from “Petroleum Related Rock Mechanics” by Fjaer et al. 

(2008). 

The most important minerals in shaly rocks are clay minerals, which are 

composed of layers of sheet shaped crystals. Two basic structural units exist: One 

type of sheet is built from silica tetrahedral linked together in a hexagonal 

structure. The second type is an octahedral sheet in which silicon is replaced by 

cations like Al
3+

, Mg
2+

, Fe
3+

, or Fe
2+

, surrounded by six hydroxide groups. 

Usually, mainly because of oxygen and hydroxide at the surfaces, these have 

negative excess charge, and will therefore attract cations. 

The basic sheets are kaolinite, illite, and smectite. Kaolinite is a two-layer 

mineral, consisting of alternate layers of gibbsite and silicon tetrahedron sheet. A 

basic unit is 0.7 nm thick, while typical composite crystals may be 70-100 layers, 

have six-fold symmetry and are flake shaped, up toward the micrometer range in 

lateral extent. The successive layers are strongly bonded to each other with a 

hydrogen bonding, and therefore water is not permitted to enter in between layers. 

Mineral density is 2.6-2.7 
g
cm3⁄  . 

Smectite is a 2:1 layer mineral, composed of a central gibbsite sheet embedded 

between two silicon tetrahedron sheets, with a combined thickness of about 1nm. 

Isomorphous substitutions are common both within the central octahedral sheet 

and in the tetrahedral sheet. The bonding between two silica sheets connecting the 

unit layer is very weak. In smectite, this permits water and exchangeable ions to 
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enter between the platelets, leading to a swelling capacity: at surface conditions, 

smectite minerals may absorb up to 10 times their own weight in water (“swelling 

clays”). 

Montmorillonite is a name often used synonymously with smectite, or as a 

common term for expandable clay minerals. In principle, this is a member of the 

smectite group. Another well-known smectitic clay is Bentonite, which is 

hydrated muscovite (a mica mineral) and has much less swelling capacity than the 

clay minerals mentioned above. 

Illite is another clay mineral, formed by weathering of feldspars, degradation of 

muscovite, and transformation of smectite to illite at depth. Some of the silicon 

atoms in smectite are replaced by aluminum, causing a negative charge which is 

balanced by potassium ions that provide bonding between the silica tetrahedron 

sheet. This bond is much stronger than in smectite, preventing hydration and 

swelling, but it is considerably weaker than in kaolinite. 

Common clay minerals are Kaolinite, Illite, and Montmorillonite. Kaolinite is 

essentially non-expansive because of the presence of strong hydrogen bonds that 

hold clay particles together. Illite contains weaker potassium bonds that allow 

limited expansion and Montmorillonite is weakly linked thus water can flow into 

the clays and separate the particles (Chan, 2014). Table  2.5 shows swelling 

potential of pure clay minerals.  
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Table  2.5 Swell potential of pure clay minerals (after Chan, 2014) 

Load Swell Potential (%) 

lb/ft
2
 kPa Kaolinite Illite Montmorillonite 

200 9.6 Negligible 350 1500 

400 19.1 Negligible 150 350 

Swelling pressure of the soil sample is determined by reloading the soil sample at 

the end of a loaded swell test (Figure  2.16). 

 
Figure  2.16 Swelling pressure of soils (after Chan, 2014) 

Wong (1998) performed a series of Oedometer swell tests on La Biche shale, 

which is an over-consolidated, compact shale, to determine the axial swelling 

strain or pressure developed in an oedometer cell. Figure  2.17 shows the swelling 

pressure build up versus time. The development of swelling pressure in the 

specimens was fairly steady and leveled off after 22-27 days. The swelling 

pressure of the specimens in water and 1% NaCl solution reached maximum 

values of 272 kPa and 173 kPa, respectively, in Wong’s tests. 
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Figure  2.17. Swelling pressure build-up measured in oedometer cell with water and 1% NaCl 

solution (after Wong, 1998) 

2.7.6 A review of constitutive models for anisotropic rocks 

Although many attempts have been made in the past to describe the strength 

anisotropy of transversely isotropic rocks, no general methodology has emerged 

yet (Saeidi et al., 2014). There are few failure theories for anisotropic rocks that 

can be applied with different degrees of success to experimentally generated data. 

These theories will be briefly discussed in the following. Two groups of 

constitutive models are noted in the literature. The first group considers only the 

minimum and maximum principal stresses while the second group considers all 

three principal stresses in the yield criterion of anisotropic rocks. 

2.7.6.1 Anisotropic constitutive models that neglect the intermediate principal 

stress 

Single Plane of Weakness Theory: This approach seems to be the first attempt 

to describe the anisotropic behavior of sedimentary rocks such as shales.  As 



43 

 

opposed to the Walsh-Brace theory which assumes failure can only occur due to 

tensile stress, the single plane of weakness theory, proposed by Jaeger (1960), 

assumes that the body can only fail in shear. This theory is a generalization of the 

well-known Mohr-Coulomb linear envelope failure theory and describes an 

isotropic body that contains a single plane or a system of parallel planes of 

weakness. The failure of the matrix material is given by: 

𝜏 = 𝑐 − 𝜎�́� 𝑡𝑎𝑛𝜑 (2) 

where 𝑐 is the cohesive strength of the matrix material and tanφ is the coefficient 

of internal friction. Failure along the plane of weakness is described by: 

𝜏𝑊 = 𝑐𝑊 − 𝜎�́� 𝑡𝑎𝑛 𝜑𝑊 (3) 

where 𝑐𝑊and 𝜑𝑊are the cohesive strength and friction angle of the weakness 

plane. Using the Mohr circle relationship, the final form of the single plane of 

weakness theory can be derived from above equations. For failure within the 

matrix, the equation is: 

(𝜎1́ − 𝜎3́) =
2𝑐 − 2𝜎3́ 𝑡𝑎𝑛 𝜑

[𝑡𝑎𝑛𝜑 − 𝑠𝑖𝑛 2𝛾 − 𝑐𝑜𝑠 2𝛾 𝑡𝑎𝑛 𝜑]
 (4) 

where γ is failure angle. The fracture strength of the material in the plane of 

weakness is given by: 

(𝜎1́ − 𝜎3́) =
2𝑐𝑊 𝑐𝑜𝑠 𝜑𝑊 − 2𝜎3́ 𝑡𝑎𝑛 𝜑𝑊
[𝑠𝑖𝑛 𝜑𝑊 − 𝑠𝑖𝑛(2𝜃 + 𝜑𝑊)]

 (5) 
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where θ is the angle between 𝜎1́ and the plane of weakness and in both cases 𝜎3́ 

represents the minimum effective principal stress. 

Walsh-Brace Theory: The Walsh-Brace theory (1964) assumes that failure is 

tensile in nature and that the body is composed of long, non-randomly oriented 

cracks that are superposed on an isotropic array of randomly distributed smaller 

cracks. The long and short crack arrays are such that the cracks close at relatively 

low values of applied stress thus transmitting both normal and shearing stresses. 

Walsh and Brace assume that fracture may occur through the growth of either 

long or small cracks depending upon the orientation of the long crack system to 

the applied deviatoric load (σ1́ − σ3́). 

Variable Cohesive Strength Theory: The variable cohesive strength theory was 

proposed by Jaeger (1960) to describe a body that fails in shear and has a variable 

cohesive strength 𝑐, and a constant value of internal friction, tanφ. The 

governing equation describing failure for this case is:  

(𝜎1́ − 𝜎3́) =
2𝑐 − 2𝜎3́ 𝑡𝑎𝑛 𝜑

[𝑡𝑎𝑛 𝜑 − √𝑡𝑎𝑛𝜑2 + 1]
 (6) 

where 

𝑐 = 𝐴 − 𝐵[𝑐𝑜𝑠 2(𝜃 − 𝛽)] (7) 

and 

𝑡𝑎𝑛 𝜑 ≅ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (8) 
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A and B are constants and θ represents the stress orientation; θ=β corresponds to 

the minimum value of c; usually β=30°. This theory can be evaluated by 

conducting compressive tests at 0°, 30°, and 90° at several pressures, plotting 

Mohr-Coulomb envelopes, determining the respective values of tanφ and c for 

each orientation and evaluating the constants A and B. The variable cohesive 

strength theory requires a wider range of tests to adequately evaluate the variation 

of cohesion with respect to θ. 

Variable Cohesion and Friction Angle: McLamore and Gray (1967) proposed 

the use of variable cohesion and friction angle for sedimentary rocks. From 

triaxial testing data, the authors noted that the variation of c can be described by 

the following relationship: 

𝑐 = 𝐴1,2 − 𝐵1,2[𝑐𝑜𝑠 2(𝜃 − 𝛽)]
𝑛 (9) 

where A1 and B1 are constants that describe the variation over the range of 

0° ≤ θ ≤ β and A2 and B2 over the range of β < θ ≤ 90°. The factor n is an 

anisotropy type factor and has the value of 1 or 3 for “planar” type of anisotropy 

(cleavage and possibly schistosity) and the value of 5 or 6 or greater for the 

“linear” type of anisotropy associated with the bedding planes. Tests on shale and 

slate, which exhibit a planar or cleavage type of anisotropy, indicate that the 

mechanical behavior of such rocks is best described by values of n = 1  or 3, as 

the rock anisotropy appears to influence the failure over the entire range of 

0° ≤ β ≤ 90°. 
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The authors also noted that value of tanφ may also vary with respect to β or may, 

for some rocks, be reasonably constant. This variance is of the same nature as that 

of c and can be described by the following equation: 

𝑡𝑎𝑛 𝜑 = 𝐶1,2 − 𝐷1,2[𝑐𝑜𝑠 2(𝜃 − 𝛽)]
𝑚 (10) 

where the constants C1 and D1 are the calibration parameters for the variation of 

tanφ over the range of  0° ≤ θ ≤ β and C2 and D2 over the remaining range of θ. 

The same relationship between the type of anisotropy and the numerical value of 

m exists in this case for the value of n. 

The fracture strength of an anisotropic rock may be predicted by utilizing this 

modified theory and performing compression tests at 0°, 30°, and 90
o
 orientations 

for several values of confining pressure and determining the values of c and tanφ 

for different orientations. 

If the rock being tested possesses a planar type of anisotropy, an additional 

orientation, say 45° or 50°, should be tested to determine if the orientation of the 

minimum value of tanφ corresponds to that of c. 

Hoek-Brown Model: The Hoek-Brown failure criterion is an empirical relation 

for the description of failure in intact rock and rock masses. This model has been 

used successfully in design approaches that use limit equilibrium solutions. 

However, its use in numerical simulations has been limited (ICG, 2011). The 

generalized Hoek-Brown criterion is (Hoek and Brown, 1997): 
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𝜎1́ = 𝜎3́ − 𝜎𝑐𝑖 {𝑠 − 𝑚𝑏
𝜎3́
𝜎𝑐𝑖
}
𝑎

 (11) 

where σ1́ and σ3́ are the maximum and minimum effective principal stresses, and 

σci, mb, s and a are material constants that can be related the geological strength 

index and rock damage (Hoek et al., 2002). 

More recently, Hoek and Brown (1997) assumed that the strength parameters mb 

and s in their well-known failure criterion are not constant but vary with the 

direction of weakness plane. However, although the values of mb and s are 

selected based on the orientation of weakness planes, it should be noted that the 

formulation remains isotropic, so it remains doubtful whether the orientation of 

failure plane predicted by this approach is realistic (Saeidi et al., 2014). 

Modified Hoek-Brown Model: Saroglou and Tsiambaos (2008) modified the 

Hoek-Brown criterion by testing some metamorphic rocks from Greece in 

different orientations of the foliation’s plane. In their study, they modified the 

Hoek-Brown model by incorporating a new parameter (kβ) to account for the 

effect of strength anisotropy. The proposed modification was studied for 

metamorphic rocks, but was not verified for sedimentary rocks such as shales. 

Hoek and Brown (2000) introduced their failure criterion for the analysis and 

design of underground excavations in hard rocks (Hoek et al., 2000). The criterion 

started from the properties of intact rock and then factors were introduced to 

reduce these properties on the basis of the characteristics of joints in a rock mass. 

They sought to link the empirical criterion to geological observations by means of 
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a rock mass classification schemes, i.e. Rock Mass Rating proposed by 

Bieniawski (1976). They modified the parameters "mb", "s”, and “a" as follows: 

𝑚𝑏 = 𝑚𝑖𝑒𝑥𝑝 (
𝐺𝑆𝐼 − 100

28 − 14𝐷
) (12) 

𝑠 = 𝑒𝑥𝑝 (
𝐺𝑆𝐼 − 100

9 − 3𝐷
) (13) 

𝑎 =
1

2
+
1

6
(𝑒−𝐺𝑆𝐼/15 − 𝑒−20/3) (14) 

where D is a factor which depends upon the degree of disturbance to which the 

rock mass has been subjected by blast damage and stress relaxation, and GSI is 

Geological Strength Index defined by Hoek et al. (1992). This index was 

subsequently extended for weak rock masses in a series of papers by Hoek et al. 

(1998, 2000), and Marinos et al. (2001). 

2.7.6.2 Anisotropic constitutive models considering all three principal stresses 

The first attempt to consider anisotropy in mechanical behavior of geomaterials 

seems to be Hill’s 1948 criterion (Hill, 1948): 

𝐹(𝜎�́� − 𝜎�́�)
2
+ 𝐺(𝜎�́� − 𝜎�́�)

2 + 𝐻(𝜎�́� − 𝜎�́�)
2
+ 2𝑁𝜏𝑥𝑦

2 = �̅́�2 (15) 

where F, G, H, and N are constants in Hill’s 1948 criterion. The quadratic Hill 

yield criterion depends only on the deviatoric stresses and is pressure 

independent. It predicts the same yield stress in tension and in compression and 

neglects out of plane shear terms. Hill (1979) proposed a generalized form of his 

criterion as follow: 
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𝑓|𝜎3́ − 𝜎2́|
𝑚 + 𝑔|𝜎1́ − 𝜎3́|

𝑚 + ℎ|𝜎2́ − 𝜎1́|
𝑚 + 𝑎|𝜎2́ + 𝜎3́ − 2𝜎1́|

𝑚

+ 𝑏|𝜎1́ + 𝜎3́ − 2𝜎2́|
𝑚 + 𝑐|𝜎1́ + 𝜎2́ − 2𝜎3́|

𝑚 = (−�̅́�)
𝑚

 (16) 

where the constants f, g, h, a, b, c and m are to be evaluated with various tests. The 

general form of Hill’s 1979 criterion recognizes the possibility of planar 

anisotropy, but it cannot be used for loading conditions which involve shear 

relative to the axes (Hosford, 1985). 

In 1993, Hill proposed another yield criterion for plane stress problems with 

planar anisotropy (Hill, 1993). 

(
𝜎1́
𝜎0́
)
2

+ (
𝜎2́
𝜎0́
)
2

+ [(𝑝 + 𝑞 − 𝑐) −
𝑝𝜎1́ + 𝑞𝜎2́

𝜎�́�
] (
𝜎1́𝜎2́
𝜎0́𝜎90́

) = 1 (17) 

where 𝜎0́ is the uniaxial tensile yield stress in the rolling direction, 𝜎90́  is the 

uniaxial tensile yield stress in the direction normal to the rolling direction, σb is 

the yield stress under uniform biaxial tension, and c, p, q are constant parameters.  

The original versions of Hill’s yield criterion were designed for material that did 

not have pressure-dependent yield surfaces. Extensions of Hill’s criterion 

incorporates pressure in the yield criterion (e.g. Caddell et al., 1973; Deshpande et 

al., 2001). 

Imam (1998) used results of triaxial compression, triaxial extension, and hollow 

cylinder tests on different sand samples to investigate and formulate the effect of 

loading direction and intermediate principal stress on sand’s behavior (Imam, 

1998a). Imam’s yield criterion is as follow: 
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𝑓 = 𝜂2 +𝑀𝑝
2 [1 − (𝑃 𝑃𝑐

⁄ )
1
2⁄
] = 0 (18) 

where 

𝜂 =
𝑞

𝑃
=

𝜎1́ − 𝜎3́
(𝜎1́ + 𝜎2́ + 𝜎3́) 3⁄

 (19) 

and 

𝑀𝑝 =
𝑞𝑝
𝑃𝑝

 (20) 

The pressure Pc is the value of P at q = 0 and the stress ratio Mp is the value of η 

at the peak point. 

3D anisotropic yield criterions presented above are difficult to calibrate and 

require different experimental tests to fully characterize them. Instead, many 

researchers used two-dimensional anisotropic yield criteria for different 

applications. among these, the variable cohesion and friction angle theory 

proposed by McLamore and Gray (1967) is a well-known theory. Soreide et al. 

(2009) used the variable cohesion and friction angle theory in CamClay yield 

criterion to capture the anisotropic behavior of a shale formation in Norway. They 

performed a series of triaxial tests and compared the simulation results with 

testing measurements. Figure  2.18 and Figure  2.19 show the comparison between 

the experimental data and simulations results. 
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Figure  2.18 Undrained triaxial test with loading perpendicular to the bedding (after Soreide et al., 

2009) 

 
Figure  2.19 Undrained triaxial test with loading parallel to the bedding (after Soreide et al., 2009) 

Xu et al. (2010) implemented variable cohesion and friction angle theory 

proposed by McLamore and Gray (1967) in conjunction with Drucker-Prager 

strength criterion to study the deformation of layered rock masses such as shales. 

They conducted a series of uniaxial compression numerical tests for a specimen of 

layered rock for different loading directions. The analysis results for uniaxial 

compressive strength tests are shown in Figure  2.20. 
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Figure  2.20 Numerical analysis results for uniaxial compression tests for different loading 

direction with respect to the bedding planes (after Xu et al., 2010) 

Cazacu et al. (1996) used variable cohesive strength theory with a failure criterion 

to study Tournemire shale deformation behavior. Figure  2.21 shows the 

comparison between the experimental and calculated results. They concluded that 

the numerical model describes reasonably well some important features of the 

behavior of anisotropic rocks subjected to triaxial compression tests. They also 

stated that more complicated experimental tests were needed to verify the 

performance of the numerical model for more complex loading paths.  
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Figure  2.21 Comparison of numerical calculations and test measurements for triaxial tests with 

different orientation for the core plug axis (after Cazacu et al., 1996) 

2.8 Natural fracture observations in shale (structural anisotropy) 

Natural fracture sets have been observed in caprock layers of SAGD reservoirs in 

Canada (Chou, 2011). These natural fractures could be the source of structural 

anisotropy in caprock formations.  

In this section, observations and evidence of NFs for shale formations in Alberta 

are discussed. Also, the causes of NFs in Alberta are briefly explained. 

2.8.1 Observations on NFs in Alberta, Canada 

Published information on the characterization of NFs in SAGD caprock layers in 

Alberta was found to be limited. Natural fractures in two SAGD projects are 
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discussed in this part. The first one is the MacKay River SAGD project (Suncor 

Energy, 2009), which is the case study in this work. The second one is the pilot 

project (AOS, 2010). 

The stratigraphic column of the pilot project and MacKay River project are shown 

in Table  2.1. The geological layers in the pilot project and MacKay River SAGD 

project are analogous but the pilot project is 10 m shallower than the MacKay 

River SAGD project (AOS, 2010). 

2.8.1.1 NFs in MacKay River SAGD project 

Suncor Energy (2013) conducted a fracture characterization work in this area. 

They observed a higher fracture frequency for the lower part of Clearwater shale 

(2.4 frac./m) and Wabiskaw A shale (2.6 frac./m) than for Wabiskaw D Mudstone  

(0.2 frac./m) in this area. No evidence of hydraulically conductive fractures in 

MacKay project area has been observed by Suncor Energy (2013). They also 

confirmed there is no mineralization or bitumen staining in the fractures crossed 

by the intersecting wells (Suncor Energy, 2013).  

2.8.1.2 NF Observations in a pilot project 

Uwiera-Gartner et al. (2011) completed a core based evaluation of the caprock 

and underburden units for a pilot project. The Pilot Project is owned and operated 

by Alberta Oilsands Inc. (AOS) and located 8 km southeast of Fort McMurray, 

Alberta. They used the data from core analyses and photographs, x-ray images, 

wireline logs, Formation MicroImage (FMI) logs, and a geotechnical borehole log 

to characterize and identify the NFs.  



55 

 

Uwiera-Gartner et al. (2011) developed a generalized RQD classification for the 

pilot project for assessing the NF information from core photographs of the 

Clearwater caprock. Generalized RQD was calculated based on the following 

equation (Goodman and Smith, 1980): 

𝑅𝑄𝐷 = (
𝑙𝑠𝑢𝑚 𝑜𝑓 100
𝑙𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑟𝑒 𝑟𝑢𝑛

) × 100% (21) 

where lsum of 100 is the sum of length of core sticks longer than 100 mm 

measured along the center line of the core, and ltotal core run is the total length of the 

core run. 

The categories specified for the pilot project were “Good” (˃75% RQD), ‘Fair” 

(50-75% RQD), and ‘Poor” (˂50% RQD) (Uwiera-Gartner et al., 2011).  

Table  2.6 summarizes the core recovery results determined from core photographs 

and the geotechnical log of the Clearwater formation caprock. 

Table  2.6 Summary of generalized RQD for the Clearwater caprock (after Uwiera-Gartner, 2011) 

Parameter Maximum Minimum Average 

Core length (m) 23.9 0.9 11.1 

RQD (%) 37 0 13 

Spacing (%) 24 0 4 

Uwiera-Gartner et al. (2011) categorized natural fractures in the caprock of pilot 

project based on fracture spacing into three different groups: ‘Closely’ (˂15 cm 

spacing), ‘Moderate’ (15-60 cm spacing), and ‘Blocky’ (˃60 cm spacing) spacing. 
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They concluded: “A significant length of the caprock core fell in the ‘Closely’ 

category, which is not likely representative of the entire caprock unit at the pilot 

project”.  

Uwiera-Gartner et al. (2011) calculated the fracture density at different depth 

intervals in the Clearwater caprock. The average fracture density based on their 

work is around 2 frac./m in the Clearwater formation caprock. Figure  2.22 shows 

the fracture frequency at different depth intervals of Clearwater formation 

caprock. 

 
Figure  2.22 Fracture frequency from the geotechnical borehole log (after Uwiera-Gartner et al., 

2011) 

Uwiera-Gartner et al. (2011) categorized infill fracture materials from core 

photographs in the following groups: ‘None’ (0% occurrence), ‘Seldom’ (˂10% 

occurrence), ‘Occasional’ (10-50% occurrence), and ‘Frequent’ (˃50% 

occurrence). They concluded that most of the fractures categorized as either 

‘None’ or ‘Seldom’ in terms of infill materials. 
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2.8.2 Origin of NFs in Alberta, Canada 

Different possible mechanisms for the development of NFs include (Canadian 

Natural Resources Limited, 2014):  

 Glacio-tectonic disturbance 

 Gravity slumping 

 Tectonic deformation 

 Diagenetic mineral conversion  

 Salt dissolution and associated collapse at depth 

 Glacial loading and unloading  

 Valley rebound 

Evidence of the first three mechanisms (Glacio-tectonic disturbance, Gravity 

slumping, and Regional fracturing) have been observed in outcrops in Alberta, 

Canada. A brief literature review of these three mechanisms is brought next in the 

Alberta context. Later, a brief discussion is provided about mineral diagenesis in 

NFs. 

2.8.2.1 Glacio-tectonic disturbance 

Disturbed glacio-tectonic structures observed in both outcrop and cores have been 

described in several studies. Tsui et al. (1988) studied the mesofabric, 

microfabric, and submicrofabric of ice-thrust bedrock in Highvale mine, 

Wabamun Lake area, Alberta. They concluded that the characteristics of a typical 

ice-thrust shear zones are similar to those of shear zones formed by large-scale 

tectonic activities.  
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Stauffer et al. (1990) attributed many features observed in core and outcrop 

samples in the Maymont landslide in the North Saskatchewan River valley, 

Alberta, to a Glacio ice-thrust origin. 

2.8.2.2 Tectonic deformation 

Regional fracturing has been studied in Alberta and Saskatchewan by many 

researchers using data from a variety of sources. Babcock (1975) studied 

Cretaceous McMurray Formation outcrop in the Fort McMurray area. Babcok 

(1975) showed the presence of two orthogonal fracture sets. The first set has 

joints that strike N-S and E-W, while the second orthogonal fracture set has joints 

that strike parallel and perpendicular to the mountain front, NW-SE and NE-SW. 

Babcock (1973) observed that both orthogonal sets are present at some locations 

in southern Alberta with one set normally being more dominant. Babcock (1973) 

observed that the joints in shale have the same trend and degree of curvature as 

those in associated sandstones, but are more closely spaced. Spacing in the 

sandstone varies from 15 cm to 100 cm, while in shale it is from 0.5 cm to 20 cm. 

2.8.2.3 Gravity slumping 

Karsting and salt dissolution in Devonian formation and Prairie Evaporite in 

Alberta could result in voidage into which the overlying oil sand and caprock can 

drape. If this occurred after the deposition of the caprock formations, it would 

result in a reduction in rock stress and fracture development in overlying units. 

Gregor (1997) concluded that much of the dissolution of Evaporites Formation is 

due to meteoric water flow along high angle faults in Lloydminster area. His 
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studies of this area show that the timing of dissolution was after deposition of the 

Colorado Group in that area. He also believed that the salt dissolution has been 

episodic rather than continuous, and related to tectonic events. 

2.8.2.4 Diagenetic mineral conversion 

Abnormal high fluid pressures in rock can lead to development of NFs. 

Combination of clay minerals conversion and dehydration, hydrothermal 

pressurizing, and cementation can create abnormally high fluid pressure in shales 

(Ding et al., 2012). For instance, transition from montmorillonite to illite at about 

100
o
C involves the expulsion of water from montmorillonite. Abnormally high-

pressure fractures may be produced when excessive fluid pressure equals to 1/2 or 

1/3 of matrix pressure (Wenlong et al., 2003). Fractures tend to be closed when 

fluid pressure in pores is less than that in fractures. Generally, the opening and 

closing of fractures under abnormally high pressure is a multi-cycle process. 

During this process, small fractures formed early are continuously extended by 

later rupture, and it can result in forming larger vertical tensile fractures, a large 

number of micro fractures, and some shear fractures (Ding et al., 2012).   

2.9 Conclusions 

Shales display a significant anisotropic mechanical behavior in elastic and plastic 

ranges. Different parameters including confining pressure, temperature, and 

mineralogy were shown to affect the mechanical behavior of shales. Also, 

structural anisotropy, due to the existence of NFs, has been observed in the cap 

shales of SAGD operations in Alberta, Canada.  
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Different numerical models to assess the caprock integrity and prediction of MOP 

during thermal or non-thermal operations were also reviewed in this chapter. All 

these numerical tools consider the caprock as isotropic elasto-plastic or linear 

elastic rock and also neglect the role of NFs in the caprock. It seems that the 

incorporation of a model capable of capturing shale anisotropy is necessary for 

accurate prediction of MOP in SAGD operations. 
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Chapter 3: Theoretical background, numerical model 

development, and verification 

3.1 Introduction 

Butler and his former colleagues at Imperial Oil introduced the SAGD technique 

in early 1980s (Butler et al., 1981; Butler and Stephens, 1981). In SAGD, the 

force of gravity causes the flow of oil in the direction parallel to the surface of the 

steam chamber towards the producer (Figure  3.1). The SAGD process is governed 

by a combined conduction-convection mechanism. Cold bitumen cannot be 

displaced at economical rates. The injection of steam exposes the reservoir 

bitumen to heat and reduces its viscosity. Conduction heats a thin layer of oil 

sands adjacent to the steam chamber and mobilizes the bitumen and steam 

condensate towards the bottom of the chamber. This process will continue as long 

as steam is injected and the bitumen and condensate are removed from the bottom 

of the chamber (Edmunds et al., 1993). 

;  
Figure  3.1 SAGD concept (Source: JAPEX) 
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This chapter presents the governing equations for SAGD analysis and the 

coupling scheme that was used to link these governing equations. An Anisotropic 

Ubiquitous (AU) constitutive model was implemented to consider the effect of 

intrinsic anisotropy and multiple NF sets (structural anisotropy) in shale. The 

formulation and verification of the AU model is also presented in this chapter. 

3.2 Governing equations 

The governing equations for fluid flow, heat transfer and force equilibrium are 

briefly discussed herein. 

3.2.1 Fluid flow equations 

The following equations describe the mass flow of oil, water, and gas, for laminar 

flow in porous media for which Darcy’s law is assumed to apply (Ertekin et al., 

2001): 

𝛻[𝜆𝑊(𝛻𝑃𝑊 − 𝛾𝑊𝛻𝑧)] =
𝜕

𝜕𝑡
(
∅𝑆𝑊
𝐵𝑊

) + 𝑞𝑊 (22) 

𝛻[𝜆𝑂(𝛻𝑃𝑂 − 𝛾𝑂𝛻𝑧) + 𝑟𝑠𝜆𝑔(𝛻𝑃𝑔 − 𝛾𝑔𝛻𝑧)]

=
𝜕

𝜕𝑡
(
∅𝑆𝑂
𝐵𝑂

+
𝑟𝑠𝑆𝑔
𝐵𝑔
) + 𝑞𝑂 + 𝑞𝑔𝑟𝑠 

(23) 

𝛻[𝜆𝑔(𝛻𝑃𝑔 − 𝛾𝑔𝛻𝑧) + 𝑟𝑠𝜆𝑂(𝛻𝑃𝑂 − 𝛾𝑂𝛻𝑧)]

=
𝜕

𝜕𝑡
(
∅𝑆𝑔
𝐵𝑔
+
𝑟𝑠𝑆𝑂
𝐵𝑂
) + 𝑞𝑔 + 𝑞𝑂𝑟𝑠 

(24) 
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where 𝜆𝑊, 𝜆𝑂, 𝜆𝑔 are water, oil, and gas mobility factors, respectively; 𝑃𝑊, 𝑃𝑂, 𝑃𝑔 

are water, oil, and gas pressures, respectively; 𝛾𝑊, 𝛾𝑂, 𝛾𝑔 are water, oil, and gas 

specific weights, respectively; 𝑆𝑊, 𝑆𝑂, 𝑆𝑔 are water, oil, and gas saturations, 

respectively; 𝐵𝑊, 𝐵𝑂, 𝐵𝑔 are water, oil, and gas formation volume factors, 

respectively; 𝑞𝑊, 𝑞𝑂, 𝑞𝑔 are water, oil, and gas well rates at standard condition, 

respectively; and 𝑟𝑆 is the solution gas-oil ratio. 

Additional equations include the sum of saturations and the  equations that relate 

capillary pressures to saturations. 

𝑆𝑊 + 𝑆𝑂 + 𝑆𝑔 = 1 (25) 

𝑃𝐶𝑊𝑂 = 𝑓(𝑆𝑊) (26) 

𝑃𝐶𝑔𝑂 = 𝑓(𝑆𝑔) (27) 

where 𝑃𝐶𝑊𝑂 and 𝑃𝐶𝑔𝑂 are capillary pressure between oil and water and capillary 

pressure between gas and oil, respectively. 

The relationship between bulk, rock and solid (grain) compressibilities is 

provided by Li et al. (2006): 

𝐶𝑟 = 𝐶𝑏(1 − ∅0) − 𝐶𝑆 (28) 

where  𝐶𝑟, 𝐶𝑏, and 𝐶𝑆 are rock, bulk, and solid compressibilities, respectively. ∅0 

is the initial porosity of the porous medium. 
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3.2.2 Heat transfer equations 

The general energy balance for a process can be expressed in words as (Cengel, 

2007):  

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

= 𝐼𝑛𝑝𝑢𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

− 𝑂𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 

(29) 

The three basic mechanisms of heat transfer are: conduction, convection, and 

radiation (Cengel, 2007). However, heat transfer within the reservoir can only be 

by two mechanisms: thermal conduction through stationary materials and 

convective transport by fluids in movement. Radiant heat transfer is usually 

considered negligible (Butler, 1997). Heat conduction in a medium is three 

dimensional and time dependent. Fourier’s law of heat conduction in one-

dimensional form reads (Cengel, 2007): 

�̇�𝑐𝑜𝑛𝑑 = −𝑘𝐴
𝑑𝑇

𝑑𝑥
 (30) 

where �̇�𝑐𝑜𝑛𝑑 is the rate of heat conduction; k is the thermal conductivity of the 

material; A is the cross sectional area through which the heat is flowing; dT/dx is 

the temperature gradient in x direction. 

Convection is characterized by the heat transfer between a solid surface and the 

adjacent liquid or gas that is in motion. Despite the complexity of the convection 

mechanism, the rate of convection heat transfer is observed to be proportional to 
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the temperature difference, and is expressed by Newton’s law of cooling as 

(Cengel, 2007): 

�̇�𝑐𝑜𝑛𝑣 = ℎ𝐴𝑆(𝑇𝑠 − 𝑇∞) (31) 

where 𝐴𝑆 is the surface area through which convection heat transfer takes place, 

𝑇𝑠 is the surface temperature and 𝑇∞ is the temperature of the fluid sufficiently far 

from the surface. The convection heat transfer parameter is not a property of the 

fluid. Rather, it is an “experimentally determined parameter whose value depends 

on all the variables influencing convection such as the surface geometry, the 

nature of fluid in motion, the properties of the fluid, and the average fluid 

velocity” (Cengel, 2007). There are different correlations to calculate h parameter 

in terms of Rayleigh number, Prandtl number, and thermal conductivity (Cengel, 

2007). Rayleigh number and Prandtl number are a function of the fluid velocity 

and, therefore, the h parameter is also a function of fluid velocity. 

3.2.3 Geomechanical equations 

The solution of solid-body problems in FLAC invokes the equations of motion 

and constitutive relations. This part reviews the basic governing equations for the 

stress and deformation analysis. 

3.2.3.1 Motion and equilibrium 

The momentum conservation law in a continuous solid body is generalized as 

follows (Malvern, 1969): 
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𝜌
𝜕𝑢𝑖̇

𝜕𝑡
=
𝜕𝜎𝑖𝑗
𝜕𝑥𝑗

+ 𝜌𝑔𝑖 (32) 

where: 𝜌 =mass density; 

 𝑡 =time; 

 𝑥𝑖 =components of coordinate vector; 

 �̇�𝑖 =velocity components; 

 𝑔𝑖 =components of gravitational acceleration (body force); and 

 𝜎𝑖𝑗 =components of stress tensor; 

In this equation, subscript “i” denotes components in a Cartesian coordinate 

frame. 

3.2.3.2 Constitutive relation 

The other set of equations that apply to a deformable body is known as the 

constitutive relation, or stress-strain law. First strain rate is derived from velocity 

gradient as follows (e.g. Malvern, 1969): 

�̇�𝑖𝑗 =
1

2
[
𝜕𝑢𝑖̇

𝜕𝑥𝑗
+
𝜕𝑢�̇�
𝜕𝑥𝑖
] (33) 

where  �̇�𝑖𝑗 is strain-rate components, and 𝑢𝑖̇  is velocity components. 

Mechanical constitutive laws are of the form (e.g. Malvern, 1969): 

𝜎𝑖𝑗́ ∶= 𝑀(𝜎𝑖𝑗́ , �̇�𝑖𝑗 , 𝑘) (34) 
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where: 𝑀( )  is the functional form of the constitutive law; 

 𝑘 is a history parameter which may or may not be present; and 

 ∶= means “replaced by”. 

The simplest example of a constitutive law is that of isotropic elasticity (e.g. 

Fjaer, 2008): 

 𝜎𝑖𝑗́ = 𝜆𝛿𝑖𝑗𝜀𝑣𝑜𝑙 + 2𝐺𝑒𝑖𝑗 − 3𝛼𝑇𝐾∆𝑇𝛿𝑖𝑗 (35) 

where: 𝛿𝑖𝑗 is the Kronecker delta; 

 𝛼𝑇 =temperature coefficient; 

𝜎𝑖𝑗́  =effective stress; and 

Δ𝑇 =temperature difference; and 

 𝐺,𝐾 =shear and bulk modulus, respectively. 

The effective stress concept was originally introduced in soil mechanics by 

Terzaghi (1923) on an empirical basis. It relates the pore pressure, total stress, and 

effective stress. The effective stress law is as follows (e.g. Fjaer, 2008): 

𝜎𝑖𝑗́ = 𝜎𝑖𝑗 − 𝑃𝑝 (36) 

where PP is pore pressure. 

The particular formulation for anisotropic constitutive laws used in this study is 

provided in Section 3.3. 
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3.2.4 Coupling parameters among the governing equations 

Steam injection and the production of fluids in SAGD alter the pore pressures, 

temperatures, and effective stresses in the reservoir and result in reservoir 

deformation. Reservoir deformations, in turn, alter the permeabilities and 

porosities of the reservoir, which influence the pore pressures and temperatures. 

Therefore, the pore pressure, temperature, and deformation parameters are linked 

and are the coupling parameters of the governing equations. 

3.3 Anisotropic Ubiquitous (AU) constitutive law and verification 

This section presents the formulation and verification of the proposed AU 

constitutive model that incorporates intrinsic and structural anisotropy of shales. 

3.3.1 Formulation of proposed AU constitutive model 

Stratification of shale formations leads to transversely isotropic symmetry 

(Hemsing, 2007). In an elastic medium with transversely isotropic symmetry, 

stresses and strains are related by the Hooke’s law as in Eq. (37) for plane strain 

condition (Puzrin, 2012).   
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𝜎𝑥𝑥́
𝜎𝑦𝑦́

𝜎𝑧𝑧́
𝜎𝑥𝑦́ ]
 
 
 

 (37)  

where �́� is the second-order effective stress tensor; 𝑒 is the second-order strain 

tensor; 𝐸𝑖 is the Young moduli in different directions; 𝐺𝑥𝑦 is the cross-shear 
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modulus between a plane of isotropy and the perpendicular plane; 𝜐𝑎𝑏 is the 

Poisson’s ratio, where "𝑎" indicates the stress direction , and "𝑏" indicates the 

direction of the strain component  caused by this stress. In this paper, 𝑥 and 𝑧 

show the horizontal coordinates and 𝑦 shows the vertical coordinate. Due to the 

transversely isotropic assumption, the material elastic strength properties in 

horizontal directions are equivalent (𝐸𝑥 = 𝐸𝑧;  𝜐𝑧𝑥 = 𝜐𝑥𝑧;  𝜐𝑥𝑦 = 𝜐𝑧𝑦). Eq. (37) 

contains five independent constants: 𝐸𝑥, 𝐸𝑦 , 𝜐𝑥𝑧, 𝜐𝑦𝑥, 𝜐𝑥𝑦. McLamore and Gray 

(1967) proposed variable cohesion and friction angle theory for shales based on 

triaxial test results: 

𝑐(𝜃) = 𝐴1,2 − 𝐵1,2𝑐𝑜𝑠 (2(𝜃𝑚𝑖𝑛,𝑐 − 𝜃))
𝑛

 (38)  

𝜑(𝜃) = 𝑎𝑟𝑐𝑡𝑎𝑛 (𝐶1,2 − 𝐷1,2𝑐𝑜𝑠 (2(𝜃𝑚𝑖𝑛,𝜑 − 𝜃))
𝑚
) (39)  

where 𝜃 is the angle between the maximum principal stress and the bedding plane 

direction; 𝑐(𝜃) and 𝜑(𝜃) are cohesion and friction angle, respectively; 𝜃𝑚𝑖𝑛,𝑐 and 

𝜃𝑚𝑖𝑛,𝜑 are the value of θ corresponding to the minimum cohesion and friction 

angle, respectively; 𝐴1, 𝐵1 and 𝐶1, 𝐷1 are constants that describe variations over 

the range of 0° ≤ 𝜃 ≤ 𝜃𝑚𝑖𝑛,𝑐 and 0° ≤ 𝜃 ≤ 𝜃𝑚𝑖𝑛,𝜑, respectively; 𝐴2, 𝐵2 and 𝐶2, 𝐷2 

are constants that describe variations over the range of θmin,c < θ ≤ 90
° and 

θmin,φ < θ ≤ 90
°, respectively; n and m are “anisotropy type” factors and have 

the value of 5 or 6 or greater for the linear type of anisotropy associated with 

bedding planes (McLamore and Gray, 1967). 
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In this study, the variable cohesion and friction angle theory (McLamore and 

Gray, 1967) was used in conjunction with the Mohr-Coulomb criterion as the 

shear yield criterion to describe shale’s intrinsic anisotropy. A tension cut-off was 

adopted as the tensile yield criterion. Non-associated and associated flow rules 

were adopted in the shear and tensile constitutive models, respectively. 

Ubiquitous joints model theory (Clark, 2006) was adopted to account for the NFs 

which induce structural anisotropy. Ubiquitous joints model represents a set of 

fractures that are triggered when their yield criterion is satisfied.  

In this constitutive model, yield may occur in the rock matrix or NFs or, in the 

extreme, both (matrix and fractures). In the implementation of the constitutive 

model, in the first step, matrix yield is analyzed and if yield is detected in the rock 

matrix, relevant plastic deformations are calculated. Next, the new stress state, 

obtained from the previous step is transformed to obtain fracture stresses to 

examine fracture yield. If fracture yield is detected, plastic deformations due to 

fracture yield is calculated and added to the plastic strain obtained from the 

previous step. This step is repeated for each set of fractures. Mohr-Coulomb 

criterion is used for fracture yield detection in the ubiquitous joints model:  

𝜏 = −𝜎�́�𝑡𝑎𝑛𝜑𝑓 + 𝑐𝑓 (40)  

where 𝜏 and 𝜎�́� are the shear stress and effective normal stress on the fracture 

plane, respectively; 𝜑𝑓 is the fracture friction angle; and 𝑐𝑓 is the fracture 

cohesive strength.  
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Figure  3.2 illustrates the global (𝑥 𝑦) and local (`𝑥 `𝑦 ) coordinate frames for the 

presentation of NFs. Angle 𝜉 denotes the angle between the fracture plane and the 

global horizontal coordinate. If 𝜉 is less than or equal to 90°, it is equal to the dip 

angle. If 𝜉 is greater than 90°, it is equal to the sum of dip angle and 90°. 

 

 
Figure  3.2 A fracture set with the dip angle of ξ with respect to the x axis of the global reference 

frame 

The global and local effective stress components are denoted by 𝜎𝑖𝑗́  and`𝜎𝑖𝑗́ , 

respectively. These global stresses are resolved into local components by stress 

transformation (Fjar et al., 2008): 

[
 
 
 
`𝜎𝑥𝑥́
`𝜎𝑦𝑦́

`𝜎𝑧𝑧́
`𝜏 = `𝜎𝑥𝑦́ ]

 
 
 

= 𝑅

[
 
 
 
𝜎𝑥𝑥́
𝜎𝑦𝑦́

𝜎𝑧𝑧́
𝜎𝑥𝑦́ ]
 
 
 

 (41)  

where rotational matrix [𝑅] is as follows: 

𝑅 =

[
 
 
 

𝑐𝑜𝑠 𝜉2 𝑠𝑖𝑛 𝜉2 0 2 𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉

𝑠𝑖𝑛 𝜉2 𝑐𝑜𝑠 𝜉2 0 −2 𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉
0 0 1 0

− 𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉 𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉 0 𝑐𝑜𝑠 𝜉2 − 𝑠𝑖𝑛 𝜉2]
 
 
 
 (42)  

With this notation, the local expression of incremental elastic stress has the form: 

𝑦 

𝑥 

`𝑦 `𝑥 

𝜉 

Fracture dip angle 
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[

∆`𝜎𝑥𝑥́
∆`𝜎𝑦𝑦́

∆`𝜎𝑧𝑧́
∆`𝜏

] = [`𝐾]

[
 
 
 
∆`𝑒𝑥𝑥

𝑒

∆`𝑒𝑦𝑦
𝑒

∆`𝑒𝑧𝑧
𝑒

∆`𝑒𝑥𝑦
𝑒 ]
 
 
 

 (43)  

in which 

[`𝐾] = [𝑅][𝐾][𝑅]−1 (44)  

where matrix [𝐾] is the stiffness matrix, and `𝑒𝑖𝑗
𝑒  is the strain in the local 

coordinate system, and the superscript “e” stands for “elastic”.  

Yield criteria may be presented in the (`σyý , `𝜏) plane, as illustrated in Figure  3.3: 

 
Figure  3.3 Fracture’s yield criterion 

Mohr-Coulomb criterion is used as the shear yield envelope for the NF: 

𝑓𝑆 = −`𝜏 − `𝜎𝑦𝑦́ 𝑡𝑎𝑛𝜑𝑓 + 𝑐𝑓 (45)  

And the tensile yield criterion for the NF is represented by: 

𝑓𝑡 = 𝜎𝑓
𝑡 − `𝜎𝑦𝑦́  (46)  

where 𝜎𝑓
𝑡 is the tensile limit of the fractures. 

The shear and tensile potential functions (𝑔𝑆, and 𝑔𝑡) correspond to non-

associated flow rules with dilatancy, 𝜓𝑓, as follows: 

𝑓𝑡 = 0 

𝑓𝑠 = 0 

`𝜎𝑦𝑦́  

`𝜏 



73 

 

𝑔𝑆 = −`𝜏 − `𝜎𝑦𝑦́ 𝑡𝑎𝑛 𝜓𝑓 (47)  

𝑔𝑡 = −`𝜎𝑦𝑦́  (48)  

Non-associated flow rule for the shear and tensile yield are defined as follows 

(Fjar et al., 2008): 

𝛥𝑒𝑖𝑗
𝑃 = 𝜆𝑆

𝜕𝑔𝑠

𝜕𝜎𝑖𝑗
 (49)  

𝛥𝑒𝑖𝑗
𝑃 = 𝜆𝑡

𝜕𝑔𝑡

𝜕𝜎𝑖𝑗
 (50)  

where 𝜆𝑆 and 𝜆𝑡 are the constants of proportionality for shear and tensile yield 

modes, respectively, and superscript “p” stands for “plastic”. 

Combining Eq. (47) and Eq. (49), plastic strain increments due to the shear yield 

along the fracture are expressed as follows: 

[
 
 
 
 
∆`𝑒𝑥𝑥

𝑃

∆`𝑒𝑦𝑦
𝑃

∆`𝑒𝑧𝑧
𝑃

∆`𝑒𝑥𝑦
𝑃 ]
 
 
 
 

= [

0
−𝜆𝑆 𝑡𝑎𝑛𝜓𝑓

0
−𝜆𝑆

] (51)  

Plastic strain increments due to tensile yielding can be obtained by combining Eq. 

(48) and (50): 

[
 
 
 
 
∆`𝑒𝑥𝑥

𝑃

∆`𝑒𝑦𝑦
𝑃

∆`𝑒𝑧𝑧
𝑃

∆`𝑒𝑥𝑦
𝑃 ]
 
 
 
 

= [

0
−𝜆𝑡
0
0

] (52)  

Elastic strain increments are obtained by subtracting the plastic strain increments 

from the total strain increments. Assuming that the plastic contributions of intact 

rock and NFs are additive, the elastic guesses in Eq. (43) are the stresses here, 



74 

 

obtained after the application of plastic corrections related to the yielding of intact 

material. Using this approach, it may be shown that the new stress state in the 

case of shear and tensile yield may be expressed as follows, respectively. 

[
 
 
 
 `𝜎𝑥𝑥́

𝑁

`𝜎𝑦𝑦́
𝑁

`𝜎𝑧𝑧́
𝑁

`𝜏𝑁 ]
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`𝐾(2,2) 𝑡𝑎𝑛𝜓𝑓 𝜆𝑆 + `𝐾(2,4)𝜆𝑆

`�́�(3,2) 𝑡𝑎𝑛𝜓𝑓 𝜆𝑆 + `𝐾(3,4)𝜆𝑆
`𝐾(4,2) 𝑡𝑎𝑛𝜓𝑓 𝜆𝑆 + `𝐾(4,4)𝜆𝑆]

 
 
 
 

 (53)  
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 (54)  

where superscript “N” stands “new stress state”, and `𝐾(𝑖, 𝑗) is the component of 

stiffness matrix. 

Considering that the new stresses should lie on the shear yield envelope, shear 

constant of proportionality may be calculated by combining Eq. (45) and Eq. (53), 

and expressed as follows: 

𝜆𝑆

=
𝑓𝑠(`𝜎𝑦𝑦́ , `𝜏)

(`𝐾(4,2) 𝑡𝑎𝑛𝜓𝑓 + `𝐾(4,4) + `𝐾(2,2) 𝑡𝑎𝑛 𝜓𝑓 𝑡𝑎𝑛𝜑𝑓 + `𝐾(2,4) 𝑡𝑎𝑛 𝜑𝑓)
 

(55)  

Using the same reasoning as described above, tensile constant of proportionality 

may be calculated by combining Eq. (46) and Eq. (54), and expressed as: 

𝜆𝑡 =
𝑓𝑡(`𝜎𝑦𝑦́ )

`𝐾(2,2)
 

(56)  

Finally, after calculating the new stresses in the local coordinate system, the 

stresses resolve back into the global coordinate system by using Eq. (42). 
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The aforementioned yield criterion is adequate to consider the effect of a single 

fracture set. To consider the effect of multiple fracture sets, one yield criterion for 

each single fracture set is added.  The proposed AU constitutive law is capable of 

considering shale intrinsic anisotropy in elastic and plastic ranges. In addition, it 

is capable of considering the effect of multiple fracture sets in the caprock. The 

criterion was imbedded in FLAC software (ICG, 2011) for the caprock integrity 

analysis and the MOP assessment in SAGD projects. Detailed formulation of the 

AU model is presented in Appendix A and the coding and implementation of the 

model is presented in Appendix B. 

3.3.2 Verification of the proposed AU constitutive model 

One issue for the verification of AU constitutive law was the lack of testing data 

to compare the results with. Therefore, verification of the AU constitutive law 

was divided to two separate parts.  

The first part was designed to verify the transversely elastic isotropy and intrinsic 

plastic anisotropy of the constitutive law without involving natural fractures. The 

results of the numerical model with the AU model were verified against (1) the 

results of Uniaxial Compressive Strength (UCS) data presented by Xu et al. 

(2010), and (2) numerical analysis of a triaxial test by FLAC assuming isotropic 

strength properties.  

The second part was designed to include natural fractures. Results of the 

numerical model were compared to the results of numerical triaxial tests using the 

built-in Ubiquitous joint model of FLAC software. 
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3.3.2.1 Verification of the AU constitutive law for transversely elastic isotropy 

and intrinsic anisotropy 

The AU constitutive law was verified against numerical triaxial and UCS data in 

the literature.  

3.3.2.1.1 Model geometry and boundary conditions 

Model geometry and boundary conditions of the numerical UCS and triaxial tests 

are presented in Figure  3.4. It is common to simulate triaxial experiments using an 

axisymmetric configuration; however, an axisymmetric configuration does not 

allow localization of deformation. Therefore, a plane strain configuration was 

used for the simulation of UCS and triaxial test in this study.  

 

Figure  3.4  Model geometry of triaxial and UCS tests 

The triaxial samples are 1 in. (2.54 cm) in diameter and 2 in. (5.08 cm) in length. 

The bottom boundary of the finite element mesh was fixed in the vertical 

direction. The radial and axial loads were applied on the boundaries, and then a 

P
C
 P

C
 

Vertical velocity=1e-8 m/s 
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small velocity (1e-8 m/s) in the vertical direction was applied on the top 

boundary. 

3.3.2.1.2 Verification of the AU model against numerical UCS data 

Xu et al. (2010) extended the isotropic Drucker-Prager strength criterion to an 

anisotropic elasto-plastic constitutive model for layered rock masses. They 

embedded the anisotropic constitutive model in ABAQUS software. The proposed 

constitutive law in this study was used to simulate the same model. Table  3.1 lists 

the model parameters. Mohr-Coulomb strength parameters were obtained using 

the relationships between the Mohr-Coulomb and Drucker-Prager strength 

parameters (Xu et al., 2010). 

Table  3.1 The properties of the AU verification model (after Xu et al., 2010) 

Property Value Property Value Property Value 

𝐸𝑥 (𝑀𝑃𝑎) 21,000 𝜃𝑚𝑖𝑛,𝜑 (°) 45 𝐷2 0.24 

𝐸𝑦 (𝑀𝑃𝑎) 12,000 𝐵1 (𝑀𝑃𝑎) 0.67 𝑛 4 

𝜐𝑥𝑦 0.25 𝐵2 (𝑀𝑃𝑎) 0.67 𝑚 2 

𝜐𝑦𝑥 0.2 𝐶1 1.27 𝐴1 (𝑀𝑃𝑎) 1.63 

𝐺𝑥𝑦 (𝑀𝑃𝑎) 8,750 𝐶2 1.27 𝐴2 (𝑀𝑃𝑎) 1.63 

𝜃𝑚𝑖𝑛,𝐶  (°) 45 𝐷1 0.24   

A series of numerical UCS analysis was conducted for different loading directions 

by using the proposed anisotropic elasto-plastic constitutive model. In these 
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analyses, the angle between the applied load and the horizontal direction (θ) 

changed from 0° to 90° in 10° increments. 

The results of UCS test and the comparison with the results presented by Xu et al. 

(2010) are shown in Figure  3.5. It can be seen that the results of the proposed 

model and the results presented by Xu et al. (2010) are in close agreement. 

 
Figure  3.5 Results of the UCS tests for the verification model 

3.3.2.1.3 Validation of the AU model against experimental triaxial 
data 

The proposed constitutive model was validated against experimental triaxial tests. 

The experimental data are from upper Toarcian massive shale taken from 

Tournemire site in Massif Central (France). Detailed experimental data can be 

found in Niandou (1994) and Niandou et al. (1997). The elastic constants for 

Tournemire shale have been identified in Niandou (1994). The following values 

have been assigned: 
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Table  3.2 Values of elastic constants for Tournemire shale (after Niandou et al., 1997) 

Property Value Property Value 

𝐸𝑥 (𝑀𝑃𝑎) 35,000 𝜐𝑥𝑦 0.4 

𝐸𝑦 (𝑀𝑃𝑎) 13,000 𝜐𝑦𝑥 0.22 

  𝜐𝑥𝑧 0.17 

Duveau et al. (2001) showed the variation of Tournemire shale strength with 

orientation for three different confining pressures based on the triaxial tests have 

been done by Niandou (1994). Figure below shows the variation of material 

strength with orientation at different confining pressures. 

 
Figure  3.6 Strength variation vs orientation (after Duveau et al., 2001) 

Figure below shows the comparison between numerical model predictions and 

experimental data for horizontal and vertical cores at the confining pressure of 40 

MPa. The results show a good agreement between the numerical model results 

and experimental data for the case of θ=0, 90°. For the case of θ=45°, results 
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show a good agreement in the elastic region. All of the cases predict the strength 

of the sample to be the same as what is shown in Figure  3.6 at the confining 

pressure of 40 MPa. 

 
Figure  3.7 Comparison of calculated and measured data for θ=0, 45, and 90° and confining 

pressure of 40 MPa 

3.3.2.1.4 Verification of the AU model against numerical triaxial data 

The proposed constitutive model was verified against the results of numerical 

triaxial data from the literature. Both models used isotropic elastic and strength 

parameters. In both cases, MC criterion was used within an elastic-perfectly 

plastic framework, which means all elastic and strength properties were assigned 

the same values in different directions in the proposed model. Table  3.3 shows the 

model parameters for the MC strength criterion and AU constitutive model. 
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Table  3.3 Strength parameters of the verification model 

Property Value Property Value 

Young’s modulus (MPa) 4,830 Cohesion (MPa) 9.03 

Poisson’s ratio 0.12 Friction angle (°) 25 

Bulk modulus (MPa) 2.12e3 Dilation angle (°) 16 

Shear modulus (MPa) 2.16e3 Tensile limit (MPa) 0 

Numerical analysis was performed for two different confining pressures (PC=2.89, 

6.89 MPa). Figure  3.8 compares the results of the numerical analysis with the 

literature data. Results indicate a perfect match. 

 
Figure  3.8 Axial stress vs. strain for the triaxial tests in the verification model 

3.3.2.2 Verification of the AU model against Ubiquitous Joint model in FLAC 

A series of numerical triaxial tests was performed to verify the AU constitutive 

law against the built-in Ubiquitous Joint model of FLAC. Isotropic elastic and 

strength properties were assumed as the Ubiquitous Joint model in FLAC is 
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isotropic. One set of NFs with different dip angles for different cases (𝜉 =

0°, 60°, 80°) was considered for the triaxial tests (Figure  3.9). The mesh design of 

the numerical model is depicted in Figure  3.10. Confining pressure of 2.14 kPa 

was considered in all tests performed here. 

 
Figure  3.9 Schematic of triaxial samples and different dip angles of NFs 

 
Figure  3.10 Model geometry, boundary conditions, and mesh deign of triaxial tests 

Strength properties of the rock samples and also NFs are listed in Table  3.4 and 

Table  3.5, respectively. 
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Table  3.4 Strength properties of the rock matrix 

Property Value Property Value 

Young’s modulus (MPa) 350 Cohesion (MPa) 0.2 

Poisson’s ratio 0.25 Friction angle (°) 25 

Table  3.5 Strength properties of natural fractures  

Property Value 

Cohesion (MPa) 0 

Friction angle (°) 15 

Tensile limit (MPa) 0 

Figure  3.11 to Figure  3.13 show the axial stress against axial strain for both 

models for NFs with different dip angles (0°, 60°, and 80°). Results of the FLAC 

built-in Ubiquitous joint model and the proposed AU model are in close 

agreement in the elastic range and they have the same peak yield points for 

different dip angles. However, there are some inconsistencies after the yield point 

in the figures. These inconsistencies could be due to different truncation errors of 

the built-in and the AU constitutive models. The max difference between the 

calculations of the two models is 4% and it is related to the case with the dip 

angle of 60° (Figure  3.12). 
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Figure  3.11 Axial stress vs. strain for fracture dip angle=0° 

 
Figure  3.12 Axial stress vs. strain for fracture dip angle=60° 
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Figure  3.13 Axial stress vs. strain for fracture dip angle=80° 

A series of numerical triaxial tests was performed to explore the effect of NFs on 

the results. Three cases were simulated: (1) No NFs, (2) NFs with dip angle=60°, 

and (3) NFs with dip angle=70°. The results are presented in Figure  3.14, which 

indicate significant difference in the yield points among these three cases. 

 
Figure  3.14 Axial stress vs. strain for the cases with: (1) No NFs, (2) NFs with ξ=60°, and (3) NFs 

with ξ=70° 
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3.4 Sequential coupling scheme and verification 

Fluid and heat flow in SAGD operations change the state of stress, deformation, 

and temperature in the caprock (Azad and Chalaturnyk, 2011). To capture 

different phenomena involved in the SAGD operation, a coupled hydro-thermo-

mechanical model is required, which is described herein.  

3.4.1 Coupled hydro-thermo-mechanical model 

Two commercial finite difference software packages (FLAC, geomechanical 

module developed by ITASCA (ICG, 2011) and STARS, fluid flow simulator 

developed by Computer Modeling Group (CMG, 2013) were linked to perform 

the simulations. A MATLAB code was used as an interface to run the modules 

and also update the shared parameters (Figure  3.15). In each time step, 

simulations were iterated between FLAC and STARS. The flow simulator 

calculated the pressures and temperatures that were transferred to the 

geomechanical module where deformations and stresses were calculated. The 

deformations were then used to update the porosities and permeabilities in the 

entire reservoir space by using Eq. (57)-(58) proposed by Touhidi-Baghini (1998).  

𝑙𝑛 (
𝑘

𝑘0
) =

𝛽

𝜙0
𝜀𝑉  (57)  

𝜙 =
𝜙0 + 𝜀𝑉
1 + 𝜀𝑉

  (58)  

where 𝜀𝑉 is volumetric strain, 𝑘 is permeability, ϕ is porosity, and the subscript 

‘0’ indicates initial permeability and porosity. In this study, β was assumed to be 

2 and 5 for horizontal and vertical permeability, respectively (Azad and 

Chalaturnyk, 2011).  
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The updated porosities and permeabilities were then transferred to STARS for the 

next flow-temperature iteration. In each time step, the iterations continued till 

convergence was achieved within 5% tolerance for the maximum difference for 

pressures, temperatures, porosities, and permeabilities between two subsequent 

iterations.  

 
Figure  3.15 Sequential coupling scheme (after Rahmati et al., 2015) 

3.4.2 Verification of coupled hydro-thermo-mechanical model 

Results of the linked hydro-thermo-mechanical package (STARS-FLAC) were 

compared against the outcome of hydro-thermo-mechanical analysis by STARS. 

A synthetic case study with simplistic assumptions was considered for verification 

purpose.  

3.4.2.1 Model geometry and boundary conditions 

One well pair was modeled assuming 2-D plain strain conditions (see 

Figure  3.16). Plain strain condition considers no deformation along the horizontal 

well. The model length and depth were chosen large enough to minimize 

boundary effects on the results (Figure  3.16).  
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Figure  3.16 Model geometry 

The model was fixed in the horizontal direction at the vertical boundaries. The 

bottom of the model was also fixed in the vertical direction. A uniform mesh size 

(4 m by 4 m) was used in both models (Linked model and STARS model). The 

coupling scheme for the linked model is presented in section  3.4.1. 

3.4.2.2 Input data 

3.4.2.2.1 Hydraulic, thermal, and mechanical properties 

Over-burden rock, reservoir, and under-burden rock were assumed to be the 

Clearwater shale, McMurray formation, and Devonian limestone, respectively.  

Hydraulic, thermal and mechanical input data are summarized in Table  3.6, 

Table  3.7, and Table  3.8, respectively. These data have been obtained from 

laboratory tests, geophysical logs, and field data in published papers and reports 

for Alberta oil sand projects. 
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Table  3.6 Permeability for different layers 

Zone 

Horizontal 

permeability 

(𝐦𝐃) 

Vertical 

permeability 

(𝐦𝐃) 

Reference 

Clearwater shale 0.001 0.001 AER, 2014 

McMurray formation 6400 3400 

Petro-Canada Corp. 

(2005b) 

Devonian limestone 1115 20.001 

1Uwiera-Gartner (2011) 

2Thomas and Sands 

(2010) 

Table  3.7 Thermal properties of the reservoir sand 

Parameter Value Reference 

Rock Expansion Coefficient (𝟏 𝐂⁄ ) 3.84e-5 Chalaturnyk (1996) 

Rock Thermal Conductivity (𝐖 𝐦. °𝐊⁄ ) 1.736 Chalaturnyk (1996) 

Rock Heat Capacity (
𝐤𝐉
𝐤𝐠. °𝐊⁄ ) 1865 Chalaturnyk (1996) 
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Table  3.8 Isotropic geomechanical properties for different layers 

Zone Layer Parameter Value Reference 

O
v

e
r-

b
u

rd
e

n
 

C
le

a
rw

a
te

r 
s
h

a
le

 

Young’s modulus (MPa) 175 Kosar (1989) 

Poisson’s ratio 0.13 
Thomas and Sands 

(2010) 

Cohesion (kPa) 200 
Thomas and Sands 

(2010) 

Friction angle (°) 25 
Thomas and Sands 

(2010) 

R
e

s
e

rv
o

ir
 

M
c

M
u

rr
a
y

 f
o

rm
a
ti

o
n

 

Young’s modulus (MPa) 500 Li et al. (2005) 

Poisson’s ratio 0.3 
Li and Chalaturnyk 

(2009) 

Cohesion (kPa) 0 Chalaturnyk, (1996) 

Friction angle (°) 35 Li et al. (2005) 

U
n

d
e

r-
 b

u
rd

e
n

 

D
e

v
o

n
ia

n
 l
im

e
s
to

n
e
 

Young’s modulus (MPa) 1,500 Chalaturnyk (1996) 

Poisson’s ratio 0.3 
Thomas and Sands 

(2010) 

Cohesion (kPa) 200 
Thomas and Sands 

(2010) 

Friction angle (°) 40 
Thomas and Sands 

(2010) 

3.4.2.2.2 In-situ stresses 

Figure  3.17 presents the in-situ stress and initial pore pressure profiles for 

verification purpose. 
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Figure  3.17  In-situ stress and pore pressure profiles 

3.4.2.3 Comparison of the results of the linked model with STARS model 

The results of linked hydro-thermo-mechanical model are compared with the 

results of STARS model in terms of stresses and deformations. The models 

simulated the first 60 days of injection-production operation. In this part, the 

operational constraints for the producer were considered to be the minimum 

Bottom Hole Pressure (BHP) of 500 kPa, steam trap of 10 °C, and maximum 

surface liquid rate of 0.2 m
3
/day; injector constraints were considered to be the 

maximum BHP of 1700 kPa, and maximum surface water rate of 0.2 m
3
/day. 

Results are correspond to those at the end of 60 days. 

Figure  3.18 shows the measured heave for FLAC-STARS and STARS models at 

the surface. The results demonstrate a close agreement between the linked FLAC-

STARS and STARS models. The maximum heave difference was found to be 

4.49%. This difference is believed to be due to the different calculation schemes 
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of FLAC and STARS software. For instance, FLAC uses nodal based calculations 

for pore pressure while STARS employs element based finite difference scheme. 

 
Figure  3.18 Comparison of calculated heave between the coupled and STARS model 

Figure  3.19 and Figure  3.20 present the total vertical stress for horizontal profiles 

at 65 m and 110 m depth, respectively. Using the in-situ stress as the reference 

stress, the maximum differences between the profiles at 65 m and 110 m depth are 

0.69% and 2.86%, respectively.  

 
Figure  3.19 Comparison of the total vertical stress between FLAC-STARS and STARS models at 

65 m depth 
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Figure  3.20 Comparison of the total vertical stress between the FLAC-STARS and STARS models 

at 110 m depth 

Figure  3.21 shows the total horizontal stresses for a vertical section that passes 

through the injector and producer. The result show a general agreement but a 

sizeable maximum difference the horizontal stresses. The difference could be due 

to the different solution schemes for FLAC and STARS. FLAC software uses 

nodal based finite difference scheme while STARS uses the element based finite 

difference method. Also, mapping of coupling parameters in the coupled model 

and STARS model are different. Another source of difference could be due to the 

different truncation errors for FLAC and STARS and, therefore, different 

cumulative errors in the calculations.  
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Figure  3.21 Comparison of the total horizontal stress between the FLAC-STARS and STARS 

models 

3.5 Conclusions 

In this chapter, a coupled hydro-thermo-mechanical model was developed for the 

assessment of caprock integrity based on the sequential coupling scheme. In this 

coupled model, two commercial software packages were linked together (FLAC 

(ICG, 2011), and STARS (CMG, 2013)) by a MATLAB code. The coupled model 

was verified against STARS software for a hypothetical case study. The results 

showed close agreement between the results of the two models. 

An Anisotropic Ubiquitous (AU) constitutive model was developed to consider 

the effect of shale anisotropy in SAGD caprock studies. The proposed AU 

constitutive law is capable of considering shale intrinsic anisotropy in elastic and 

plastic ranges. In addition, it is capable of considering the effect of multiple 

fracture sets in the caprock. The criterion was imbedded in FLAC software (ICG, 

2011) for the MOP assessment in SAGD projects. The proposed AU constitutive 
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model was verified against the results of numerical triaxial and UCS tests. The 

results showed a good match for the attempted cases. 
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Chapter 4: Numerical assessment of the MOP in SAGD 

projects considering intrinsic anisotropy of the cap 

shale 

4.1 Introduction 

This chapter investigates the effect of intrinsic anisotropic behavior of caprock 

shales on the MOP in SAGD projects. As discussed in Chapter 2, shales and 

mudstones exhibit strong anisotropy at the micro and macro scales. However, the 

anisotropic behavior has been neglected in the existing published works on 

caprock integrity assessment.  

In this chapter, the coupled hydro-thermo-mechanical model and the AU 

constitutive model (see Chapter 3) were utilized for the assessment of caprock 

integrity for a SAGD site. The coupled tool was validated against field data and 

employed in a case study to determine the effect of shale intrinsic anisotropic 

behavior on the MOP. 

This chapter demonstrates the importance of capturing shale anisotropy in the 

accurate prediction of the MOP in SAGD projects. The role of shale anisotropy is 

highlighted by comparing the results of the AU constitutive model and isotropic 

model. Results display the effect of shale anisotropy on the caprock response in 

terms of deformations, stresses and failure pressure. The assumption of isotropic 

shale behavior in caprock integrity assessment for the case study resulted in the 

overestimation of the MOP by about 7%. 
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4.2 Case study 

The importance of including cap shale’s intrinsic anisotropy in caprock studies is 

demonstrated by presenting the results of a case study. We selected Pad C of 

MacKay River oil sands project (Suncor Energy, 2009) located northwest of Fort 

McMurray, Alberta, Canada (Figure  4.1) for the case study. 

 

 
Figure  4.1 Cross section of interest in relation to in-situ stresses in Pad C, MacKay River SAGD 

Project (after Suncor Energy, 2013) 

4.3 Geometry and boundary conditions of the numerical model 

A cross section of Pad C was simulated by assuming 2-D plane strain condition 

(no deformation along the horizontal wells). This approach is deemed applicable 

for this problem because (1) the length of wellbores is large in comparison with 

the distance between the wells; (2) thermocouple measurements show uniform 

distribution of temperature along the producers (Suncor Energy, 2013).  The latter 

indicates relatively uniform steam injection and production along the wells. 

Log data for Pad C indicate the thicknesses of different formations from top to 

bottom: Quaternary Deposits (40 m), Clearwater shale (40 m), Wabiskaw member 

(20 m), McMurray formation (30 m), and Devonian limestone (300 m). 
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Clearwater formation, which is considered as the main caprock (Southern Pacific 

Resource Corp., 2011), consists of different layers of mudstone, shale, siltstone 

and sandstone. For simplicity, Clearwater formation shale was assumed as 

homogenous anisotropic shale in terms of mechanical properties. Similarly, 

Wabiskaw member, which consists, from top to bottom, of (1) Wabiskaw A shale, 

(2) gas-saturated Wabiskaw C sand, and (3) the lower-most Wabiskaw D 

mudstone (ERCB, 2010), was considered as a homogenous layer with mechanical 

properties equivalent to Wabiskaw A shale.  

There are six well pairs called C1 to C6 in Pad C. In this study, symmetry was 

assumed and only half of the pad which includes well pairs C4 to C6 was 

simulated. Figure 4.2 shows the model geometry. The model length and depth 

were chosen large enough to minimize boundary effects on the results.  

 
Figure  4.2 Model geometry 

Side boundaries of the model were fixed in the horizontal direction and the 

bottom boundary was fixed in the vertical and horizontal directions. Preheating 
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period of 90 days was simulated and the pad production was simulated using the 

injection and production data from September 2002 to January 2008. 

4.4 Numerical mesh design 

Figure 4.3 shows the mesh design of the model for the geomechanical analysis. 

Different element sizes were used in the geomechanical model to reduce the 

computation time of the coupled model. Continuous 2 m × 1 m element size was 

used in the fluid flow simulator (see Figure  4.4). The total number of elements in 

the geomechanical and fluid flow models were 26,500, and 92,000, respectively. 

Coupling parameters (pressure, temperature, porosity, and permeability) were 

mapped from one module to another by using the cubic spline data interpolation 

method (Michiel, 2001). 

 
Figure  4.3 Grid-block design for the Geomechanical module 
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Figure  4.4 Grid-block design for the fluid flow module 

4.5 Input data 

We used public data related to Pad C of MacKay River oil sands project for this 

case study. Some input data were assumed as they were not publically available. 

Thus, this work should not be regarded as caprock integrity investigation for this 

particular project. It should only be regarded as an effort to understand the impact 

of intrinsic anisotropy of cap shale on the MOP in SAGD projects.  

4.5.1 Hydraulic, thermal, and mechanical properties 

Hydraulic, thermal and mechanical input data are summarized in Table  4.1, 

Table  4.2, and Table  4.3, respectively. These data have been obtained from 

laboratory tests, geophysical logs, and field data in published papers and reports 

for Alberta oil sand projects but not specifically for MacKay River SAGD project. 

In the tables, the data that specifically relate to MacKay River project are 

italicized.  
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Table  4.1 Permeability of different layers 

Zone 
Horizontal 

permeability 
(𝐦𝐃) 

Vertical 
permeability 

(𝐦𝐃) 
Reference 

Clearwater shale 0.001 0.001 
AER (2014) 

Wabiskaw A shale 0.001 0.001 
ERCB (2010) 

Wabiskaw C sand 2,000 2,000 
ERCB (2010) 

Wabiskaw D mudstone 0.001 0.001 
ERCB (2010) 

McMurray formation 6,400 3,400 Petro-Canada Corp. 
(2005b) 

Devonian limestone 
1
115 

2
0.001 

1
Uwiera-Gartner 

(2011) 

2
Thomas and Sands 

(2010) 

Table  4.2 Thermal properties of the reservoir sand 

Parameter Value Reference 

Expansion Coefficient (𝟏 𝐂⁄ ) 3.9e-5 Kosar (1989) 

Thermal Conductivity (𝐖 𝐦. °𝐊⁄ ) 1.736 Chalaturnyk (1996) 

Heat Capacity (
𝐤𝐉
𝐤𝐠. °𝐊⁄ ) 1865 Chalaturnyk (1996) 

Note the mechanical properties in Table  4.3 have been obtained by laboratory 

testing on vertical core samples (i.e., sample axis being perpendicular to 

sedimentary layers). For Quaternary deposits, McMurray sand, and Devonian 

limestone, the same properties were assumed to be valid for all other directions. 

For Clearwater and Wabiskaw shale, the numbers were assumed to apply only for 
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the vertical direction and determined the values of the properties in all other 

directions as discussed in the next section.  

Table  4.3 Isotropic geomechanical properties of the caprock and underburden layers 

Layer Parameter Value Reference 

Q
u

a
te

rn
a

ry
 D

e
p

o
s

it
s
 

Young’s modulus 

(MPa) 
25 Uwiera-Gartner et al. 

(2011) 

Poisson’s ratio 
0.45 Uwiera-Gartner et al. 

(2011) 

Cohesion (kPa) 
200 Thomas and Sands 

(2010) 

Friction Angle (°) 
25 Thomas and Sands 

(2010) 

C
le

a
rw

a
te

r 
s
h

a
le

 

Young’s modulus 
(MPa) 

1
E=-76.67σ3́+23.33 

Kosar (1989) 

Poisson’s ratio 
0.13 Thomas and Sands 

(2010) 

Cohesion (kPa) 
200 Thomas and Sands 

(2010) 

Friction angle (°) 
25 Thomas and Sands 

(2010) 

W
a

b
is

k
a

w
 s

h
a

le
 

Young’s modulus 
(MPa) 

250 
Kosar (1989) 

Poisson’s ratio 
0.15 

Kosar (1989) 

Cohesion (kPa) 
1,085 

Khan et al. (2011) 

Friction angle (°) 
20 

Khan et al. (2011) 

D
e

v
o

n
ia

n
 

li
m

e
s

to
n

e
 Young’s modulus 

(MPa) 
1,500 

Chalaturnyk (1996) 

Poisson’s ratio 
0.3 

Chalaturnyk (1996) 
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Cohesion (kPa) 
200 Thomas and Sands 

(2010) 

Friction angle (°) 
40 Thomas and Sands 

(2010) 

1based on Kosar (1989) triaxial tests. 𝐸 is Young’s modulus and 𝜎3́ is minimum effective principal 

stress. 

Figure  4.5 and Figure  4.6 show the relative permeability curves and also the 

variation of bitumen viscosity with temperature. 

 
Figure  4.5 Relative permeability curves (after Chalaturnyk, 1996) 

 

 
Figure  4.6 Viscosity variation with temperature (after Chalaturnyk, 1996) 
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4.5.2 Geomechanical model of oil sands 

Isotropic stress-strain behavior was assumed for Quaternary Deposits, McMurray 

formation, and Devonian limestone while intrinsic anisotropic behavior was 

considered for the Clearwater shale and Wabiskaw member.  

4.5.2.1 Elastic properties 

Stress-dependent elasticity is commonly observed in oil sands and more generally 

in granular materials. Therefore, the modulus of elasticity varies as a function of 

effective confining stress. Li and Chalaturnyk (2005) showed that following 

relationship is appropriate to represent the modulus of elasticity variation of oil 

sands in Athabasca oil sands, Alberta.  

𝐸 = −950𝑃𝑎(𝜎3́ 𝑃𝑎⁄ )0.5  (59)  

where E is Young’s modulus;  σ3́ is the minimum principal effective stress, and 

Pa is atmospheric pressure.  

Figure  4.7 shows the variation of module of elasticity against minimum effective 

principal stress.  
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Figure  4.7 Variation of the modulus of elasticity versus minimum principal effective stress for 

McMurray oil sands (after Li and Chalaturnyk, 2005) 

4.5.2.2 Yield surface 

We used a bilinear Mohr-Coulomb yield function, which was also used by Nouri 

et al. (2009). Li and Chalaturnyk (2005) showed that the friction and dilation 

angle of oil sands are dependent on minimum effective principal stress. They 

proposed the following equations for the friction angle and dilation angle of oil 

sands. 

𝜑 = 55 + 14.93 𝑙𝑜𝑔(𝜎3́ 𝑃𝑎⁄ )  (60)  

𝜓 = 25.8 + 12.05 𝑙𝑜𝑔(𝜎3́ 𝑃𝑎⁄ )  (61)  

Based on the relations proposed by Li and Chalaturnyk (2005), failure function 

and potential functions for McMurray oil sands are shown in Figure  4.8 and 

Figure  4.9. 
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Figure  4.8 Failure envelope of McMurray oil sands (after Li and Chalaturnyk, 2005) 

 
Figure  4.9 Potential function envelope of McMurray oil sands (after Li and Chalaturnyk, 2005) 

The dashed lines in Figure  4.8 and Figure  4.9 show the bilinear fit to the Mohr-

Coulomb curve for oil sands. Based on the figures, friction angle and dilation 

angle for Low Effective Confining Stress (LECS) and High Effective Confining 

Stress (HECS) are presented in Table 4.4. 

 

 



107 

 

Table  4.4 Mechanical properties of McMurray oil sands 

Zone LECS HECS 

Friction angle (°) 47 35.7 

Dilation angle (°) 19 10.2 

Cohesion (kPa) 0 610 

4.5.3 Anisotropic mechanical properties 

The AU constitutive model was used for describing the behavior of Clearwater 

and Wabiskaw shale. In this chapter, the effect of NFs is neglected and only the 

intrinsic anisotropy is assumed. Isotropic Mohr-Coulomb model was applied for 

all other layers (Quaternary Deposits, McMurray formation and Devonian 

limestone). As anisotropic properties were not available for the caprock shales, 

anisotropic values were assumed based on existing data and correlations for other 

shales. 

Sone (2012) proposed the following empirical formula to calculate the ratio of 

horizontal to vertical Young’s modulus for shales with clay content in the range 

of 5% and 65%:  

𝐸𝑥
𝐸𝑦
= 3.1𝑒𝑥𝑝 (−0.0195𝐸𝑦(𝐺𝑃𝑎))  (62)  

where 𝐸𝑥 and 𝐸𝑦 are horizontal and vertical Young’s moduli, respectively.  

Eq. (62) was used to calculate the horizontal Young’s modulus at different 

effective confining pressures for Clearwater and Wabiskaw shale assuming the 

Young’s moduli in Table  4.3 were obtained for vertical core plugs. Table  4.5 lists 
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Poisson’s ratio of Clearwater and Wabiskaw shales assuming transverse isotropy. 

The Poisson’s ratio (νxy) was calculated from Eq. (63) (Puzrin, 2012). The 

Poisson’s ratio (νxz) was observed to be close to (νyx) according to experimental 

data provided by Sone (2012). In this study, νxz, and νyx were assumed to be equal. 

𝜐𝑥𝑦
𝜐𝑦𝑥

=
𝐸𝑥
𝐸𝑦

  (63)  

Table  4.5 Transversely isotropic properties of anisotropic layers 

Layer’s name Parameter Value 

Clearwater shale 

Poisson’s ratio (𝜐𝑥𝑦) 0.40 

Poisson’s ratio (𝜐𝑦𝑥, 𝜐𝑥𝑧) 0.13 

Wabiskaw shale 

Poisson’s ratio (𝜐𝑥𝑦) 0.45 

Poisson’s ratio (𝜐𝑦𝑥, 𝜐𝑥𝑧) 0.15 

Correlations by McLamore and Gray (1967) were adopted to calculate the 

cohesion and friction angle in different directions for Clearwater and Wabiskaw 

shales. The strength properties of anisotropic layers are presented in Figure  4.10. 

In this figure, θ is the angle between the maximum principal stress and the 

horizontal direction. In Figure  4.10, the strength properties for the vertical 

direction (θ=90°) were adopted from Table  4.3. The calibration parameters for the 

cohesion and friction angle (see Eq. (38) and (39), Chapter 3) for the Clearwater 

and Wabiskaw shales were assumed to be the same as those of Green River shale 

(Table  4.6).  
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Table  4.6 Calibration parameters for anisotropic layers 

Parameter 
Clearwater 

shale 

Wabiskaw 

shale 
Parameter 

Clearwater 

shale 

Wabiskaw 

shale 

A1 2.5e5 1.34e6 C2 0.466 0.349 

A2 2e5 1.085e6 D1 0.06 0.051 

B1 9e4 4.88e5 D2 0.056 0.045 

B2 4.3e4 2.32e5 m 6 6 

C1 0.475 0.355 n 6 6 

 

 
Figure  4.10 Friction angle and cohesion assigned to anisotropic Clearwater and Wabiskaw shales  

4.5.4 In-situ stresses 

Figure  4.11 shows the principal stress directions in relation to the wellbore 

trajectory in the area of interest. Pad-C wells were drilled parallel to the maximum 

horizontal stress.  
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The stress and pore pressure profiles for each stratigraphic zone in this area are 

shown in Figure  4.12. In this figure, solid lines represent the work of Walters et 

al. (2012), but dashed lines are based on educated assumptions. The gradient for 

vertical stress and pore pressure were kept constant for the entire model including 

the underburden as vertical stress usually follows the overburden weight. Bell and 

Babcock (1986) proposed 350 m and 2,500 m as the approximate threshold for the 

change in the stress state from thrust to strike slip and strike slip to normal, 

respectively, in Western Canada Basin. We could not find any in-situ stress 

measurement for the underburen and assumed the stress profiles at greater depths 

based on the conclusion made by Bell and Babcock (1986), which is the minimum 

and maximum horizontal stresses cross the vertical stress at 350 m and 2500 m 

depth, respectively. 

 
Figure  4.11 Principal stress directions 

𝝈𝒉 

𝝈𝑽 

𝝈𝑯 
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Figure  4.12 In-situ stress and pore pressure profiles 

4.5.5 Operational conditions 

In this study, we simulated five years of field operations. Steam quality, 

temperature, and pressure were reported to be 95%, 200 °C and 1,650 kPa, 

respectively (Suncor Energy, 2009). Steam circulation for this project commenced 

in September 2002 (Petro-Canada Corp., 2005a).   

Actual injection-production data were used for the first 5 years of the operation. 

After that, a hypothetical pressure ramp-up for injectors was considered to find 

the caprock failure pressure as discussed later in this chapter.  

Figure  4.13-16 show the measured and calculated Bottom Hole Pressure (BHP) of 

injectors, BHP of producers, steam injection rate of injectors, and production rate 

of producers. Steam injection rates and fluid production rates in Figure  4.15 and 

Figure  4.16 are reported per meter of wellbore length. Actual injection BHP data 

were used for the first five years of operation and the calculated and measured 

steam injection rates were found to have similar trends (Figure  4.17). In the 

simulations, actual injection pressures and actual production rates were used as 
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boundary conditions, and the injection rates and production pressures were 

calculated and compared with the measured data. According to Figure 4.17, the 

values of calculated and measured injection rates in early stages are close. 

However, the difference is higher in later times, which could be due to 

uncertainties associated with the input parameters, including the calibration 

parameters for the permeability variation (Eq. (57)).  

A pressure ramp-up phase was considered after five years of operation by 

increasing the injection pressure in the injection wells and considering a constant 

drawdown pressure between the injectors and producers to find the MOP. Each 

pressure ramp-up step was kept for six months and injection pressure was 

increased by 10% of initial injection pressure in each step.  

A sensitivity study was performed to investigate the effect of the duration of each 

pressure ramp-up on the MOP. Results showed the same MOP for 6- to 24-month 

increment durations for the pressure ramp-up. 
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Figure  4.13 BHP versus time for injectors (measured for the first five years) applied as boundary 

condition 

 

Figure  4.14 Calculated BHP versus time for producers 

(1) 

(1
) 

(1) Preheating phase 
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Figure  4.15 Calculated injection rates versus time for injectors 

 
Figure  4.16 Measured (for the first five years) production rates versus time applied as boundary 

condition for producers 
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Figure  4.17 Comparison between calculated and measured steam injection rates 

4.6 Results and discussion 

The coupled hydro-thermo-mechanical model was used to investigate the caprock 

integrity and determine the MOP for the case study problem. Numerical 

simulations were performed for both AU and isotropic models for five years of 

pad operation to evaluate the impact of the anisotropic behavior of the caprock 

shale on the MOP.  

4.6.1 Model validation 

Measured surface heave data (Suncor Energy, 2009) were used to validate the 

model (Figure  4.18). As depicted in Figure  4.18, the displacements from the AU 

model show a better agreement with the measured data than those of the isotropic 

model. As injection and production continues, the AU model results in higher 

heave displacement at the surface and demonstrates a better agreement with the 

measured data. 
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Although predicted displacements with AU model are in better agreement with 

measured heave displacements, it seems that all calculated displacements in 

Figure  4.18 are smaller than measured data. Reasons could be, for instance, the 

possible use of smaller coefficient of thermal expansion or higher Young’s 

modulus than the actual values. It may also be associated with the effect of 

temperature on cohesion, friction and Young’s modulus, which have not been 

considered in the analysis. As mentioned before, the input data were obtained 

from published data not necessarily for this particular site. Therefore, we are not 

looking for a perfect match.  

The difference between the vertical displacements for the isotropic and AU 

models could be explained noting different values for caprock horizontal 

stiffnesses. The Young’s modulus in the horizontal direction for the AU model is 

about three times larger than the same in the isotropic model. Figure  4.19 

compares the predicted horizontal displacements in the AU and isotropic models, 

which indicates smaller horizontal displacement in the reservoir for the AU model 

than the isotropic model. Therefore, for the same amount of reservoir expansions, 

the AU model results in larger vertical displacement in the reservoir and, 

consequently, larger heave at the surface. 
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Figure  4.18 Comparison between the measured and calculated heave data 
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Figure  4.19 Horizontal displacements in a vertical cross section; a) location of the vertical cross 

section, and b) horizontal displacement for isotropic and AU models 

4.6.2 Growth of steam chamber  

Pore pressure and temperature are among the main parameters that change during 

the SAGD operation. Steam injection causes the expansion of the steam chamber 

and evolution of the pore pressure and temperature during the operation 

(Figure  4.20 and Figure  4.21). Results show the increase of reservoir pore 

pressure from the in-situ level of 500 kPa to 1,650 kPa (injection pressure) during 

the growth of steam chamber (Figure  4.20). Little pore pressure change is 

observed in the caprock during five years of operation, due to the low 

permeability of caprock shales, allowing minimal diffusion. The permeability of 

Wabiskaw C sand is large defusing any pore pressure build-up due to the increase 

in temperature.  

Unlike pore pressure, temperature has changed noticeably during the SAGD 

operation in both caprock shales and underburden limestone (see Figure  4.21). 
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Temperature in Wabiskaw shale has increased by up to 110 °C right above the 

steam chamber. The temperature change is negligible for the points closer to the 

interface of Wabiskaw and Clearwater shale. The temperature increase in the 

reservoir also affects the underburden rock. The temperature at the interface of 

Devonian limestone and the reservoir has increased by up to 120 °C. It is worth 

pointing out that the temperature change in the underburden limestone is limited 

to the close vicinity (approximately 20 m) of the reservoir. 

Figure  4.22 shows the water saturation maps in different years of SAGD 

operation. The figure shows that the rate of growth of the steam chamber is high 

in the first years but decreases as the SAGD operation continues. 

By comparing the pore pressure (Figure  4.20), temperature (Figure  4.21), and 

saturation maps (Figure  4.22), we can see that the pore pressure front is ahead of 

the temperature front and the latter is ahead of the saturation front.  

From the figures, it can be seen that the thermal front is ahead of the saturation 

front. This can be explained by the existence of convective and conductive heat 

flux in the SAGD operation. Conductive heat influx causes thermal front to 

diffuse ahead of the steam chamber. Furthermore, by comparing pressure maps 

(Figure  4.20) with temperature maps (Figure  4.21), it can be seen that pore 

pressure front is ahead of the thermal front. The pore pressure in the reservoir 

goes up due to the chamber pressing on the flank, and the flank being in 

undrained condition before it is heated up because of high viscosity of bitumen in 

low temperatures according to Figure  4.6. This phenomenon was also detected by 

Aherne and Birrel (2002) from field measurements in UTF Phase B project. 
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Figure  4.20 Pore pressure distribution in the model for five years of production (maps are plotted 

for depths shallower than 180 m) 
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Figure  4.21 Temperature distribution in the model for five years of production (maps are plotted 

for depths shallower than 180 m) 
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Figure  4.22 Water saturation distribution in the model for five years of production (maps are 

plotted for depths shallower than 180 m) 
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4.6.3 Induced stresses in and around the reservoir  

SAGD operation changes the ground stresses. The stress changes are primarily 

caused by the increased reservoir pressure and the thermal expansion of the 

reservoir. 

Figure  4.23 depicts the total horizontal stress profile for different vertical sections 

at different distances of 250 m, 450 m, 500 m and 550 m from the left boundary 

of the model. Stress profile for Section A, which is 250 m from the last well pair, 

is relatively close to the in-situ stress profile. For the other three sections (B, C, 

and D), the horizontal stress increases at the reservoir interval due to the pore 

pressure increase, dilative expansion of the reservoir sand in shear, and the 

thermal expansion of the reservoir. Total horizontal stresses in the overburden and 

underburden layers decrease from the in-situ values to compensate for the 

increased horizontal stresses at the reservoir interval. The AU model resulted in 

smaller horizontal stresses in Clearwater shale and slightly higher horizontal 

stresses in Wabiskaw shale, in comparison with the isotropic model. Both models 

predict similar horizontal stress trends for Quaternary Deposits, the reservoir, and 

the underburden layers. In the figure, the maximum difference for horizontal 

stresses between the isotropic and AU models is as large as 29% with respect to 

the horizontal in-situ stress. 
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Figure  4.23 Total horizontal stress profile for vertical sections after five years of operation a) 

Vertical cross section locations, b) Total horizontal stress at cross section A, c) Total horizontal 

stress at cross section B, d) Total horizontal stress at cross section C, e) Total horizontal stress at 

cross section D 

Figure  4.24 shows the total vertical stress profiles at different horizontal sections. 

Results indicate the vertical stresses in the cap shale are disturbed during the 

SAGD operations. Further, higher maximum and lower minimum for the vertical 

stress profiles result for the AU model. Generally, the vertical stresses above the 

chamber increase while the same at the reservoir flanks decrease, a phenomenon, 

which is known as thermal jacking (Collins, 2006). This is because of the 

expansion of the reservoir sand in the chambers, which result in stronger 

compressive forces on the caprock in places directly above the wells. The stress 

drop at the reservoir flanks for the AU model is found to be more significant than 

the same for the isotropic model. As expected far from the reservoir, stresses in 

both models converge to in-situ stresses representing the fact that the model is 

large enough to avoid any boundary effects.  
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Figure  4.24 Total vertical stress at different horizontal sections, a) Horizontal cross section 

locations, b) total vertical stress at different cross sections after five years for both isotropic and 

AU models 

Figure  4.25 and Figure  4.26 show the total horizontal and vertical stress contour 

maps for the AU model, respectively. For early stages of injection (Figure  4.25b 

and Figure  4.26b) steam chambers are separate and thermal jacking is apparent as 

vertical stresses are higher than the in-situ stresses above the well pairs and lower 

between the well pairs. Horizontal stresses in the reservoir are significantly larger 
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than the in-situ stresses. Accordingly, horizontal stresses in the cap and base rocks 

are lower than in-situ stress to satisfy the force equilibrium. As injection-

production continues, steam chambers further expand and eventually join together 

(Figure  4.25c, d and e). 
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Figure  4.25 Total horizontal stress contour maps for AU model during the production 

 



135 

 

 

 

 
 



136 

 

 
Figure  4.26 Total vertical stress contour maps for AU model during the production 

4.6.4 Determination of failure pressure 

The main focus of this study was the determination of the injection pressure 

associated with the breach of caprock integrity (failure pressure). Simulation 

results indicate the injection pressures Suncor had used during the years 2002-

2007 did not compromise the caprock. In an effort to determine the failure 

pressure, we increased the injection pressures in the simulations beyond the actual 

levels (see Figure  4.27). The injection pressures were increased in 10% steps  

(10% of the initial injection pressure at the end of five years of operation) and the 

pressure at each step was kept constant for six months. Injection pressures were 

increased until the caprock integrity was compromised, which meant the failure 

zone had extended from the reservoir-caprock interface to the caprock-quaternary 

deposits interface. To obtain a more accurate prediction of failure pressure, after 

the occurrence of caprock breach, the numerical model for the last increment was 
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repeated at 5% and 2.5% increments of the injection pressure, rendering failure 

pressure with higher accuracy than 40 kPa. 

A sensitivity analysis was performed on the duration of each injection step for the 

isotropic model (6, 12, and 24 months) to see if this duration influenced the 

failure pressure. The failure pressure for different time intervals was found to be 

the same. It was observed that the initiation of caprock failure and the full 

expansion of the failure in the caprock thickness occurred within the first 3 and 6 

months of the interval, respectively. 

According to Figure  4.27, the AU model failed at lower injection pressure than 

the isotropic model (2,392 kPa vs. 2,557 kPa). The failure pressure for the AU 

and isotropic models were approximately 45% and 55% higher than the maximum 

operating injection pressure that had been exercised in the field, respectively. 

Figure  4.28 shows the growth of the failure zone for the injection pressure of 

2,392 kPa, which resulted in the breach of caprock integrity for the AU model. 

Figure  4.28 shows the size of the yielded zone gradually increases under the same 

injection pressure after the initiation of failure in the caprock. According to 

Figure  4.28a, failure initiated from the interface of Quaternary Deposits and 

Clearwater shale. This is due to lower effective stresses at shallower depths of the 

Clearwater shale. Figure  4.28b shows gradual growth of the size of the yielded 

zone with the continued injection. After 5 months, the yielded zone grows across 

the entire caprock from the reservoir-Wabiskaw to the Clearwater-Quaternary 

interface. Additional reservoir expansion occurs as the injection continues and 

reservoir oil sands further expand resulting in higher shear stresses in the caprock. 
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With further expansion of the failure zone in the caprock, the thickness of the 

intact shale in the caprock decreases. The combination of higher shear stresses 

and thinner intact shale result in a fast growth of the yielded zone in the caprock. 

Figure  4.29 shows the growth of the yielded zone for the injection pressure of 

2,557 kPa for the isotropic caprock. 

 
Figure  4.27 Sequences of injection pressure in both isotropic and AU model 
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Figure  4.28 Failure zones for AU model at injection pressure of 2,392 kPa: a) after 1 month, b) 

after 3 months, c) after 5 months, and d) after 6 months 
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Figure  4.29 Failure zones for the isotropic model at injection pressure of 2,557 kPa: a) after 1 

month, b) after 3 months, c) after 5 months, and d) after 6 months 

Table  4.7 presents the failure pressure for different sensitivity cases.  Failure 

pressures in Table  4.7 are influenced by the assumptions in the numerical model 

and uncertainties in the input data.  One should consider a safety factor to convert 

the failure pressures to the Maximum Operating Pressure (MOP). The MOPs in 

Table  4.7 were calculated by applying the safety factor of 1.25 to the failure 

pressure. The safety factor of 1.25 is considered by the Alberta Energy Regulator 

(AER) for calculating the MOP for shallow thermal in-situ oil sands applications 

(AER Bulletin, 2014). 

Table  4.7 Injection pressures at failure 

Model MOP (kPa) Failure pressure (kPa) 

Isotropic 2,045 2,557 

AU 1,913 2,392 
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4.6.5 Discussion on the effect of anisotropy on failure pressure 

The aim of this section is to explore the underlying reasons for the smaller failure 

pressure for the anisotropic caprock in SAGD. The hypothesis is that due to the 

higher stiffness in the horizontal direction for the AU model, the amount of the 

decrease in the minimum principal effective stress in the caprock for the AU 

model is higher than the same in the isotropic model. Consequently, the amounts 

of shear stresses in the caprock at corresponding states for the AU model are 

higher than the same in the isotropic model, hence, the lower failure pressure for 

the AU model. Herein, the stress paths and Mohr’s circle representations for two 

sample points in the caprock are compared for both models to verify above 

hypothesis. 

Figure  4.30a shows the locations of SP1 and SP2. These two points were selected 

in zones that were prone to shear yielding. SP1 is at the middle depth of 

Clearwater shale to the left side of the well pairs, close to the left flank of the 

steam chamber. The second observation point, SP2, was selected at the top of 

Clearwater shale above the C5 well pair.  

 In Figure  4.30b-e, stress paths are only plotted until the start of caprock failure as 

the numerical model didn’t converge after the failure initiation due to the 

continued propagation of failure at constant injection pressure. For the AU model, 

the failure envelope depends on the angle between the maximum principal stress 

direction and the bedding direction. As such, only the lowest and highest 

envelopes are depicted. 
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Figure  4.30b shows the Mohr circles for SP1 for (1) the time before the start of 

the operation, (2) after five years of operation, and (3) at the start of caprock 

failure. Note, the injection pressures for the caprock failure for the isotropic and 

AU models do not coincide. 

It can be seen from Figure  4.30b that Mohr circles for both AU and isotropic 

models move towards the failure envelope as the minimum and maximum 

principal effective stresses for both models decrease during the SAGD operation. 

However, the amount of drop for the minimum principal stress is more severe 

compared to the maximum principal stress for both models. These trends are 

expected as the higher horizontal stiffness for the AU model than the isotropic 

model should result in a larger drop in the horizontal stresses for the same amount 

of reservoir expansion. 

Figure  4.30c shows the stress path for SP1 in the p-q space. The figure indicates a 

faster growth of shear stresses in the AU model than the same in the isotropic 

model. This is consistent with the Mohr circle results which indicate larger 

difference between the minimum and maximum principal stresses for the AU 

model than the same at the same state in the isotropic model. Figure  4.30d-e 

presents similar results for SP2.  
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Figure  4.30 a) Locations of SP1 and SP2 in the caprock, b) Mohr’s circles at SP1 for different 

times, c) p-q plot for SP1, d) Mohr’s circle at SP2 for different times, and e) p-q plot for SP2 
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4.7 Conclusion 

The coupled hydro-thermo-mechanical model (discussed in Chapter 3) was 

employed in a case study to determine the failure pressure for a SAGD case study. 

Two cases were considered with isotropic and anisotropic cap shales to study the 

effect of neglecting shale intrinsic anisotropy on the MOP. Surface heave 

displacements were used to validate the model. The AU model predicted closer 

surface heave displacement to the measurements.  

Injection pressures during five years of operation did not result in the loss of 

caprock integrity for this case study for either of isotropic and AU models. To 

determine the MOP, a scenario was designed to sequentially increase the injection 

pressure beyond the maximum operating pressure that had been exercised in the 

field. Each injection pressure was kept for six months. Results show that the MOP 

for this case study was 45% and 55% higher than the peak operating injection 

pressure for AU and isotropic models, respectively. As such, anisotropic behavior 

of caprock shales cannot be ignored as common isotropic models provide an 

optimistic assessment of the MOP. 
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Chapter 5: Numerical assessment of the Maximum 

Operating Pressure for SAGD projects considering 

shale anisotropy and natural fractures 

5.1 Introduction 

Natural fractures have been observed in SAGD caprocks in Alberta (Chou, 2014). 

Natural fractures could provide preferential flow paths through the caprock for the 

escape of bitumen and injected steam and compromise the caprock integrity. 

These fractures could be triggered and connected to form larger fractures that can 

compromise the caprock integrity. Natural fractures also influence the caprock 

response by inducing structural anisotropy in the caprock. 

Past mathematical models for caprock integrity studies have not considered the 

natural fractures. Several researchers have studied caprock integrity in SAGD 

projects assuming isotropic elasto-plastic behavior for the caprock and neglecting 

the effect of NFs and discontinuities in caprock layers (Smith, 1997; McLellan 

and Gillen, 2000; Collins, 2007; Chalaturnyk, 2011; Khan et al., 2011; Rahmati et 

al., 2013). Rahmati et al. (2015) studied the effect of intrinsic anisotropy of cap 

shale on caprock integrity. They concluded that neglecting intrinsic anisotropy for 

a case study overestimated the MOP by 7%. They did not include enough physics 

to incorporate NFs in the caprock integrity assessment. 

This chapter presents a coupled hydro-thermo-mechanical model for the MOP 

assessment considering both intrinsic anisotropy and NFs. The effect of NFs was 
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incorporated by using the AU constitutive model for shale (discussed in Chapter 

3). 

The coupled tool was used in conjunction with the AU model for a case study 

based on published data for MacKay River SAGD project (Suncor Energy, 2009). 

Suncor Energy (2013) performed fracture characterization study in the area of 

interest. They reported the existence of fractures in the caprock shales.  However, 

the possible effect of NFs on the MOP is yet to be addressed. 

In this chapter, different case scenarios in terms of fracture density, dip angle, and 

height were simulated to investigate their effect on the MOP in SAGD projects. 

Comparing the result of different case scenarios with those of conventional 

isotropic models highlights the need to include the intrinsic and structural 

anisotropy of the cap shale in caprock integrity studies. 

Results of the coupled tool show that neglecting natural fractures can result in the 

overestimation of the MOP. The MOP was found to be highly sensitive to the 

fracture density, direction, and height. For the case study, results displayed 

horizontal fractures had minor effect on the MOP while fractures with the dip 

angle between 25° to 65° significantly dropped the MOP and could not be 

neglected.  

5.2 Definitions 

In this chapter, fractures are characterized by the number of fracture sets, fracture 

density, dip direction and angle, height, and length. A fracture set consists of a set 

of parallel systematic fractures (Singhal et al., 2010). Fracture density is defined 
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as the number of fractures of a particular set per unit length measured in a 

direction perpendicular to the fracture plane (Singhal et al., 2010). Dip direction is 

defined as the direction of the horizontal trace of the line of the dip, measured 

clockwise from north (Wyllie et al., 2004). Fracture’s dip angle is defined as the 

deviation of the fracture plane from the horizontal plane (Singhal et al., 2010). 

Fracture spacing describes the average perpendicular distance between two 

adjacent fractures of the same set and is equal to the inverse of fracture density 

(Singhal et al., 2010). Fracture height is the trace extent of the fractures in a 

sampling area normal to the fracture length (see Figure  5.1). Fracture length is a 

measure of the extent of development of fracture surface (Singhal et al., 2010). 

 
Figure  5.1 Definition of the attributes of natural fractures 

5.3 Numerical model 

The coupled hydro-thermo-mechanical model was used in conjunction with the 

AU constitutive model to capture the effect of intrinsic and structural anisotropy 

of the cap shale. The coupled tool and AU model are described in Chapter 3. 

The model geometry, boundary conditions, operational constraints, and the mesh 

design of the model are the same as those in Chapter 4. Two-dimensional plane 

strain condition was assumed in this work as in the previous chapter. The plane 
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strain assumption here is appropriate because (1) the length of wellbores is large 

in comparison with the distance between the wells; (2) thermocouple 

measurements show uniform distribution of temperature along the producers 

(Suncor Energy, 2013); and (3) the assumption was that all NFs in the caprock 

were parallel to the wellbores. 

5.4 Case study 

The importance of including cap shale’s NFs in the caprock integrity is 

demonstrated by presenting the results of a case study. 

5.4.1 Input data 

Public data related to Pad C MacKay River SAGD project were used for this 

study to ensure consistent data. The work is an extension of what was presented in 

Chapter 4, with the only difference that the effects of NFs are included. 

5.4.1.1 Natural fracture data 

Suncor Energy (2013) reported the existence of NFs in Clearwater formation and 

Wabiskaw member in MacKay River SAGD project. They indicated that there 

was no mineralization or bitumen staining in the fractures in the core samples 

examined to date. They observed higher fracture density for the lower part of 

Clearwater Shale and Wabiskaw A shale than for the Wabiskaw D mudstone. 

They also observed that Wabiskaw A shale was the most fractured unit 

(2.6 frac. m⁄ ), followed by Clearwater formation (2.4 frac. m⁄ ). Wabiskaw-D 

Mudstone is the least fractured unit (0.2 frac. m⁄ ). The geological evidence for the 
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existence of NFs warrants the consideration of NFs in the caprock integrity 

analysis.  

Information about the dip angle and dip direction of NFs in Wabiskaw member 

and Clearwater shale were not publicly available and should be assumed. These 

assumptions are not representative of the actual fractures for this particular site. 

The analysis is solely to show how the existence of NFs can impact the value of 

MOP. In this study, it was assumed that NFs are uniformly distributed. For the 

base case, linear fracture density of 2.5 frac. m⁄  was considered for both 

Clearwater and Wabiskaw shale. We assumed the fractures were systematic (not 

random) and assumed NE-SW direction (dip direction of 315°) (parallel to the 

SAGD wells) and the dip angle of 40-50° for them.  

5.4.2 Strength properties of ubiquitous fractures 

An important issue for this study was to determine the strength parameters of 

ubiquitous fractures. A series of hypothetical numerical direct shear tests was 

performed with FLAC to calculate the strength properties of elements containing 

fractures. The main purpose of this hypothetical numerical model was to smear 

the NF effect to the rock mass due to the relatively small fracture width in 

comparison with the size of numerical grid blocks. The results of numerical direct 

shear test were verified against analytical solution proposed by Wittke (1990). 

5.4.2.1 Numerical direct shear test 

Hypothetical numerical direct shear tests were performed to evaluate the rock 

mass properties for Clearwater and Wabiskaw shales considering the NFs. A 
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schematic of the direct shear test under constant normal load (CNL) is presented 

in Figure  5.2. The normal load was applied vertically to the upper block and this 

load was kept constant during the test. The lower block was kept stationary during 

the test and a horizontal velocity of 1e-7 m/s was applied to the upper block. 

Direct shear tests were modeled assuming 2-D plane strain conditions. The plane 

strain assumption here seems appropriate because the fracture strikes are 

perpendicular to the test plane.  

The sample size for direct shear test was selected 4 m by 4 m (Figure  5.1) based 

on a Representative Elementary Volume (REV) assessment for these fractures 

(Section  5.4.2.3). The REV is the smallest volume over which a measurement can 

be made that will yield a value representative of the whole (Hill, 1963).  

 
Figure  5.2 Schematic of numerical direct shear test 

Different fracture densities (1.75 to 8.5 frac./m) were considered to evaluate the 

strength properties of the rock mass. The thickness of elements containing 

fractures (fracture thickness) is considered to be 2 cm. Fractures are uniformly 

distributed throughout the solid, as shown in Figure  5.3 where fractures are shown 

as black lines. Niven and Duestch (2010) asserted that conventional random 
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fracture distribution, which is commonly used for Discrete Fracture Networks 

(DFNs), does not represent realistic fracture distribution with tectonic origin. 

They studied two NF maps for outcrop rocks in Northern Alberta and Vernazza, 

Italy. They concluded that for both examples, NFs were not distributed randomly; 

rather they were created according to in-situ stress directions and magnitudes. 

However, other causes of NFs (e.g., Glacio-tectonic disturbance, Gravity 

slumping, and Diagenetic mineral conversion) have also been observed in Alberta 

(Tsui et al., 1988; Gregor, 1997; Ding et al., 2012).  

 

Figure  5.3 (a-e) Schematic of assumed NF distribution for different fracture densities and (f) 

magnified mesh design  

The strength properties for Clearwater and Wabiskaw shales were obtained from 

Table  4.3. As most of the fractures for the studied area have no infill materials 

b) Fracture density=2.5 frac./m c) Fracture density=3.5 frac./m 

d) Fracture density=4.25 frac./m e) Fracture density=8.5 frac./m f) 8X magnified mesh design 

a) Fracture density=1.75 frac./m 
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(Suncor Energy, 2013), cohesion and tensile strength were assumed to be zero for 

the NFs. The friction angle of NFs was assumed to be 15°. The author is not 

aware if hard measurements have been conducted for this property for Clearwater 

and Wabiskaw shales particularly for this site.  

5.4.2.2 Verification of direct shear test 

The numerical direct shear test described in the previous section was verified by 

comparing the result of the shear test with the analytical solution proposed by 

Wittke (1990). Wittke (1990) analytically calculated the shear strength of samples 

with non-persistent, regularly ordered, open discontinuities. Non-persistent 

discontinuity is a discontinuity that is interrupted by rock bridges. Figure  5.4 

shows a one-dimensional model of a non-persistent discontinuity. 

 

Figure  5.4 Schematic of discontinuities (after Wittke, 1990) 

Wittke (1990) proposed Eq. (64)-(65) to calculate the shear strengths of rock 

mass. Cohesive strength of the fractures in the proposed equations is considered 

to be zero. 

𝜑𝑅𝑀 = 𝑎𝑡𝑎𝑛((1 − 𝐾𝑙)𝑡𝑎𝑛𝜑𝐼𝑅 + 𝐾𝑙𝑡𝑎𝑛𝜑𝐷) (64) 

a a 𝑙 

Open discontinuity sections 



156 

 

𝑐𝑅𝑀 = (1 − 𝐾𝑙)𝑐𝐼𝑅 (65) 

where 𝜑𝑅𝑀 and 𝑐𝑅𝑀 are friction angle and cohesion of rock mass, respectively; 

𝜑𝐼𝑅 and 𝑐𝐼𝑅 are friction angle and cohesion of intact rock; 𝜑𝐷 is the friction angle 

of discontinuity; and 𝐾𝑙 is called the linear degree of separation and is defined as 

follows: 

𝐾𝑙 =
2𝑎

2𝑎 + 𝑙
 (66) 

where 𝑎 and 𝑙 are the extent of the discontinuities and the separation between two 

consecutive discontinuities, respectively. 

The agreement of the shear strength parameters obtained from the numerical tests 

and analytical solutions were examined to verify the numerical model. Different 

degrees of separation (𝐾𝑙) between the fractures were considered (𝐾𝑙 =

0, 0.25, 0.5, 0.75, 1). Figure  5.5 shows the samples with different degrees of 

separation for the verification work. The model length is the same as that in the 

previous section (4 m × 4 m). 



157 

 

  

Figure  5.5 Schematic of samples with different degree of seperations 

The properties of Clearwater shale were used in the verification model. 

Equivalent cohesion and friction angle for different samples, calculated from the 

analytical and numerical solutions are presented and compared in Figure  5.6 and 

7. The results show close agreement between the numerical direct shear test 

results and analytical solutions with the maximum difference of 6.67 %. 

a) 𝐾𝑙 = 0.25 b) 𝐾𝑙 = 0.5 

c) 𝐾𝑙 = 0.75 d) 𝐾𝑙 = 1.0 
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Figure  5.6 Equivalent friction angle for different degree of separations 

 
Figure  5.7 Equivalent cohesion for different degrees of separation 

5.4.2.3 REV assessment 

The Representative Elementary Volume (REV) (also called the Represent 

Volume Element (RVE) or the unit cell) is the smallest volume over which a 

measurement can be made that will yield a value representative of the whole (Hill, 

1963). In continuum mechanics, for a fractured material, REV is considered as a 
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volume that represents all fractures that exist in the rock.  It must however remain 

small enough to be considered as a volume element of continuum mechanics.  

In order to establish the properties of a given fractured medium, different sample 

sizes for the fractured medium were examined. If the sample is too small, the 

readings tend to oscillate. As the sample size is enlarged, the oscillations begin to 

damp out. Eventually the sample size would become large enough that the 

readings are consistent. This sample size is referred as the REV. If the sample size 

is increased, measurement would stay stable. 

REV assessment was performed in this study by varying the sample size from 1 

m
2 

to 64 m
2
. The samples were assumed to be square and fractures were 

distributed uniformly throughout the samples. Mechanical properties of 

Clearwater shale were considered for the samples. Constant fracture density of 2.5 

frac./m was considered for all samples. Figure  5.8 shows the schematic of 

different samples used for the REV assessment. 
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Figure  5.8 Schematic of samples with different sizes and constant fracture density 

Figure  5.9 presents the results of shear test for different block sizes and with 

constant fracture density of 2.5 frac./m. Results show that the equivalent friction 

angle and cohesion for block sizes less than 4 m by 4 m tend to oscillates and for 

block sizes larger than that the readings are consistent. Therefore, the REV equal 

to 4 m by 4 m was selected for these fractures. In this study, the REV was 

assumed to be constant for different fracture densities (4 m × 4 m). 

a) Block size= 1 m by 1 m 

b) Block size= 2 m by 2 m 

c) Block size= 4 m by 4 m 

d) Block size= 8 m by 8 m 
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Figure  5.9 Equivalent friction angle and cohesion for different block sizes 

5.4.2.4 Results of direct shear test for Clearwater shale 

The results of numerical direct shear tests are presented in terms of shear stress 

and horizontal displacement for Clearwater shale. The shear stress in this section 

is defined as the average shear stress of the elements located in the gap row (see 

Figure  5.2). The horizontal displacement is measured as the horizontal movement 

of the left boundary in the upper block (see Figure  5.2). Normal stress is defined 

as the vertical stress (𝜎𝑛) applied on the top boundary of the shear block in 

Figure  5.2. 

Shear tests simulations were carried out for fracture densities of 1.75, 2.5, 3.5, and 

4.25 frac./m. Peak shear stresses were plotted against normal stresses for each 

fracture density. Equivalent friction angle and cohesion were determined by using 

the MC failure criterion. The results of the shear tests for Clearwater shale are 

presented in Figure  5.10-17. 
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Figure  5.10 Shear stress vs. horizontal displacement for fracture density of 1.75 frac./m 

 
Figure  5.11 Shear stress vs. normal stress for fracture density of 1.75 frac./m 
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Figure  5.12 Shear stress vs. horizontal displacement for fracture density of 2.5 frac./m 

 
Figure  5.13 Shear stress vs. normal stress for fracture density of 2.5 frac./m 
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Figure  5.14 Shear stress vs. horizontal displacement for fracture density of 3.5 frac./m 

 
Figure  5.15 Shear stress vs. normal stress for fracture density of 3.5 frac./m 
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Figure  5.16 Shear stress vs. horizontal displacement for fracture density of 4.25 frac./m 

 
Figure  5.17 Shear stress vs. normal stress for fracture density of 4.25 frac./m 

5.4.2.5 Results of direct shear test for Wabiskaw shale 

The results of numerical direct shear tests are presented in terms of shear stresses 

and horizontal displacements for Wabiskaw shale. Shear test simulations were 

performed for fracture densities of 1.75, 2.5, 3.5, and 4.25 frac./m. The results of 

the shear tests for Wabiskaw shale are presented in Figure  5.18-25. 
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Figure  5.18 Shear stress vs. horizontal displacement for fracture density of 1.75 frac./m 

 
Figure  5.19 Shear stress vs. normal stress for fracture density of 1.75 frac./m 
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Figure  5.20 Shear stress vs. horizontal displacement for fracture density of 2.5 frac./m 

 
Figure  5.21 Shear stress vs. normal stress for fracture density of 2.5 frac./m 
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Figure  5.22 Shear stress vs. horizontal displacement for fracture density of 3.5 frac./m 

 
Figure  5.23 Shear stress vs. normal stress for fracture density of 3.5 frac./m 
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Figure  5.24 Shear stress vs. horizontal displacement for fracture density of 4.25 frac./m 

 
Figure  5.25 Shear stress vs. normal stress for fracture density of 4.25 frac./m 

5.4.2.6 Equivalent cohesion and friction angle for Clearwater/Wabiskaw shale 

Equivalent cohesion and friction angle for different fracture densities were 

calculated based on the result of numerical direct shear test. Figure  5.26 shows the 

equivalent friction angle and cohesion for different fracture densities.  
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Figure  5.26 shows that the equivalent cohesion and friction angle for low 

densities follow the matrix strength properties and, with the increase of density, 

equivalent strength properties converge to the strength properties of the NFs. 

 
Figure  5.26 Equivalent friction angle and cohesion for different fracture intensities in Clearwater 

and Wabiskaw shales  

5.4.2.7 Effect of gap size on direct shear test results 

The gap size in the direct shear test affects the calculated strength properties of 

the specimen. In this study, the gap size was assumed to be 2 cm (see Figure  5.2). 

A sensitivity analysis was conducted with respect to the gap size which was 

varied from 1 cm to 10 cm. In this part, fracture density of 2.5 frac./m was 

assumed for the samples and Clearwater shale strength properties were 

considered.  

Figure  5.27-28 present the results of direct shear test for different gap sizes. Note, 

in all simulations only one row of NFs is positioned inside of the gap (see 

Figure  5.3b). Results show that with the increase of gap size, peak yield stress 

increases slightly. This can be attributed to the fact that with the increase of the 



171 

 

gap size, the ratio of rock matrix to fracture thickness in the gap interval 

increases. Thus, the calculated strength properties follow more predominantly the 

rock matrix strength properties thus the higher peak strength in the direct shear 

test.  

 
Figure  5.27 Shear stress vs. horizontal displacement for normal stress of 50 kPa 

 
Figure  5.28 Shear stress vs. horizontal displacement for normal stress of 100 kPa 
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5.4.3 Effect of fracture attributes on strength properties of ubiquitous 

fractures 

Considering the fact that a comprehensive fracture characterization has not been 

published for the case study area, we performed a parametric study by varying the 

number of fracture sets, fracture density, and fracture height and dip angle to 

investigate their effect on the MOP (Table  5.1). The base case was considered to 

be the intrinsically anisotropic model with no NF. To study the effect of fracture 

density on the MOP, two cases were tested with the fracture density of 2.5 and 3.5 

frac./m. 
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Table  5.1 Simulation matrix to investigate the effect of NFs on MOP 

Category 
Number of 

simulations 

Fracture 

density 

(frac./m) 

Fracture dip 

angle (ξ) 

Fracture 

height (cm) 

Number 

of 

fracture 

sets 

1
Non-

fractured 

cases 

2 -- -- -- 0 

Fracture 

density 
5 2.5 and 3.5 20°, 45° and 90° 20 1 

Fracture 

dip angles 
5 2.5 and 3.5 20°, 45° and 90° 20 1 

Fracture 

height 
2 2.5 

45° for single 

set/25°,45° and 

65° for 3 sets 

20 and 100 3 

Fracture 

interaction 
2 2.5 

45° for single 

set/25°,45° and 

65° for 3 sets 

20 1 and 3 

1Non-fractured cases do not include fracture sets. Isotropic and intrinsically anisotropic models are 

considered for caprock layers.  
2The case of 0° dip angle for fractures was not run for the density of 3.5 frac./m, as the case with 

the density of 2.5 frac./m showed that fractures with such dip angle have no contribution to failure. 

5.5 Results of coupled hydro-thermo-mechanical model 

The coupled numerical model was used to determine the failure pressure for the 

cases specified in Table  5.1. At the end of five years of operations, field injection 

pressures did not compromise the caprock. As such, injection pressures were 
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increased beyond the actual levels to find the failure pressure that is defined here 

as the injection pressure of injector wells at the time of caprock breach. Injection 

pressure was increased stepwise by 10% of the total pressure in the previous step 

and kept constant for six months. Injection pressures were increased until the 

caprock breached which meant the yielded zone extended from the reservoir-

caprock interface to the caprock-quaternary deposits interface. To obtain a more 

accurate prediction of failure pressure, after the occurrence of caprock breach, the 

numerical model for the last increment was repeated at 5% and 2.5% steps 

rendering failure pressure with accuracy higher than 40 kPa.  

5.5.1 Simulation results 

This section presents the results of the parametric analysis for the analysis cases 

reflected in Table 5.1. 

5.5.1.1 Fracture density and dip angle 

Figure  5.29 shows the yielded zone for the case with horizontal NFs (ξ = 0°) and 

fracture density of 2.5 frac./m.  Failure pressure was found to be 2,392 kPa, which 

is the same as that of the model that considered only intrinsic anisotropy (no 

NFs). Figure shows that the caprock failure is due to shear yielding in the rock 

matrix.  
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Figure  5.29 Yielded zones for fracture density=2.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture dip angle=0°  

Figure  5.30 displays the yielded zones for the case with oblique fractures (ξ = 

45°) and fracture density of 2.5 frac. m⁄ . Results show that the Clearwater shale is 

in shear yield across the caprock due to the NFs. In this case study, failure 

pressure dropped from 2, 392 kPa with no NFs (intrinsically anisotropic case) to 

2, 145 kPa for the case with the NFs. The NFs for this case decrease the failure 

pressure by 11%, which indicates that the oblique fractures (ξ = 45°) have 

significant effect on failure pressure. 

Figure  5.31 shows the yielded zone for vertical fractures (ξ = 90°) and fracture 

density of 2.5 frac. m⁄ . The figure shows that there is a small zone with yielded 

fracture at the bottom of Clearwater shale and the rest of the caprock failed due to 

shear matrix yield. The assumption of no additional hydraulic conductivity for the 

fractures compared to the matrix could be the main reason that the vertical 

fractures showed minor effect on caprock failure pressure. Another reason could 

be due the fact that the NFs growth was not considered in this study. Failure 

pressure in this case was found to be 2,351 kPa. The failure pressure for this case 

is 1.7% less than the case without considering NFs (intrinsically anisotropic case). 
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Figure  5.30 Yielded zones for fracture density=2.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture dip angle=45°  

 
Figure  5.31 Yielded zones for fracture density=2.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture dip angle=90°  

Figure  5.32 presents the yielded zone for the case of fracture density of 

3.5 frac. m⁄  and oblique fractures (ξ = 45°). Results show that the Clearwater 

shale was breached due to fracture yield mainly. Failure pressure in this case 

significantly dropped to 1,980 kPa. The figure shows the development of a 

pervasive flow path network due to the NFs yield in the full thickness of the 

Clearwater shale. The comparison of failure pressure for this case (fracture 

density of 3.5 frac./m and ξ = 45°) and the case with the fracture density of 2.5 

frac./m and the same fracture dip angle indicates significant impact of fracture 

density on the failure pressure. Increasing the fracture density in this case from 

2.5 to 3.5 frac./m decreased the failure pressure by 8%. 
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Figure  5.32 Yielded zones for fracture density=3.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture dip angle=45°  

Figure  5.33 illustrates the yielded zones for the case of vertical fractures, (ξ = 90°) 

and fracture density of 3.5 frac. m⁄ . This figure shows a yielded zone due to the 

NFs. Failure pressure for this case was found to be 2,310 kPa and it is close to the 

case with vertical fractures and fracture density of 2.5 frac./m (failure pressure = 

2,351 kPa). The results show that the fracture density has minor effect on the 

failure pressure of vertical fractures for this case study. In this case, failure 

pressure was lower by only 1% due to 40% increase in fracture density. Also, the 

results indicate that vertical fractures have minor effects on caprock integrity for 

the ranges of fracture density considered here. Vertical fractures could have 

significant effects on caprock integrity if (1) the in-situ horizontal stress is the 

minimum principal stress (versus the study case in which vertical stress is the 

minimum principal stress, and (2) they possess high hydraulic conductivity that 

can lead to hydraulic fracturing. 
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Figure  5.33 Yielded zones for fracture density=3.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture dip angle=90°  

5.5.1.2 Interaction between different fracture sets 

The results shown before were only with the consideration of one set of fractures. 

To investigate the possible interaction of different fracture sets, a case was 

considered with three fracture sets with 25°, 45° and 65° dip angles. Fracture 

height and total density were kept at 20 cm and 2.5 frac./m
 
for all fracture sets 

combined. Fracture density for fracture sets with dip angles of 25°, 45°, and 65° 

were assumed to be 0.5,1, and 1 frac./m. Therefore, the total fracture density in 

different dip angles is equal to 2.5 frac./m. 

Results show that caprock breaches at 2,227 kPa, which is higher than the failure 

pressure for single fracture set with 45
o
 dip angle (2,145 kPa). The failure 

pressure in this case is 3.6% higher than the case with 45
o
 dip angle considering 

only one set of NFs with the same fracture density. This is because, for this case 

study, NFs with 45
o
 dip angle are more prone to failure than 25

o
 or 65

o
 NFs. 

Figure  5.34 shows the yielded zones for the case with three fracture sets. Yielded 

fractures are seen to have conical shape with more spread at shallower depths, due 

likely to smaller normal stresses on NF planes at shallower depth. The yielded 
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zone in this case shows a network of yielded NFs and it could be a potential flow 

path for injected fluid and bitumen through the caprock.  

 
Figure  5.34 Yielded zones for three sets of the fractures with 25°, 45° and 65° dip angle of fracture 

density=2.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture height=20 cm  

5.5.1.3 Fracture height 

Fracture height was assumed to be 20 cm for all previous cases. To investigate the 

effect of fracture height on failure pressure, a case was considered with three sets 

of fractures with dip angle of 25°, 45° and 65° and fracture height of 100 cm. As 

expected, caprock was more prone to failure in this case due to the longer 

fractures. The result was caprock failure in the third year of production with the 

existing operating pressure (injection pressure of 1,650 kPa). Figure  5.35 depicts 

the yielded zone for this case that shows shear yielded fractures across the 

Clearwater shale. Figure shows yielded NFs in the Clearwater shale above the 

steam champers and also at the flanks. By comparing the failure pressure of this 

case (1,650 kPa) with the case with fracture height of 20 cm (2,227 kPa), it can be 

concluded that the failure pressure is highly affected by the length of NFs. Failure 

pressure in this case dropped by 26% in comparison with the case with the 
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fracture height of 20 cm. Results show the importance of accurate characterization 

of NFs in terms of the height and dip angle. 

 
Figure  5.35 Yielded zones for three sets of the fractures with 25°, 45° and 65° dip angle of fracture 

density=2.5 𝑓𝑟𝑎𝑐. 𝑚⁄  and fracture height=100 cm  

5.5.2 Comparison with models with no NFs 

To highlight the effect of including NFs in the constitutive model, calculated 

failure pressures are compared with those of isotropic and intrinsically anisotropic 

models.  

Figure  5.36 shows the injection pressures for caprock breach for different cases. 

The figure indicates the lowest failure pressure among the cases with 20 cm 

fracture height belongs to the case with the dip angle of 45° and fracture density 

of 3.5 frac./m. The highest failure pressure can be observed for the model with the 

assumption of isotropic material for the caprock. This figure indicates 

conventional isotropic models can overestimate the failure pressure. The predicted 

failure pressure for the case of 100 cm fracture was low as results indicated 

caprock failure in the 3
rd

 year of production with the operating pressure that was 

exercised in the field.  
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Figure  5.36 Injection pressures at caprock failure for Injector wells (F.D., F.S. and F.H. stand for 

fracture density, number of fracture sets and fracture height, respectively) 

Table  5.2 presents the failure pressures for different sensitivity cases in terms of 

injector well pressure. Failure pressures in Table  5.2 are affected by the 

assumptions in the numerical model and uncertainties for the input data. One 

should consider a safety factor to convert the failure pressures to the MOP. The 

MOPs in Table  5.2 were calculated by applying the safety factor of 1.25 to the 

failure pressure. The safety factor of 1.25 is considered by the Alberta Energy 

Regulator (AER) for calculating MOP for shallow thermal in-situ oil sands 

applications (AER Bulletin, 2014). 

By comparing different cases in Table  5.2 and considering the case with isotropic 

caprock as the base case, it can be seen that:  

 Neglecting intrinsic anisotropy overestimated the MOP by 6.8%;  

 For the sensitivity cases attempted, neglecting structural anisotropy (i.e., 

NFs) overestimated the MOP by up to 30.9% compared with the 

intrinsically anisotropic model.  
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 Oblique NFs had a major effect while horizontal NFs showed little effect 

on the MOP. Vertical fractures showed minor effect on the MOP (1.7%-

3.4% compared with the case with intrinsically anisotropic assumption 

without NFs).  

 Including multiple sets of NFs (instead of assuming NFs in one dip angle) 

has significant effect on the MOP of injector wells. For the specific case 

study of this research and the same fracture density, the MOP increased by 

3.6% when considering three sets of NFs in comparison with the case with 

one set of NFs and fracture density of 2.5 frac./m. 

 Fracture height has significant effect on the MOP of injector wells. The 

results show that with the increase of the fracture height from 20 cm to 

100 cm, the MOP dropped by 35%. Therefore, accurate characterization of 

NFs is essential for caprock integrity studies. 

 Fracture density affects the MOP in SAGD operations. The MOP 

decreased by the increase of fracture density. In this study, the MOP 

decreased by 8% with 40% increase of fracture density for the case of 

oblique NFs with 45° dip angle. 
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Table  5.2 Injection pressures at failure for injector wells 

Category 

Fracture 

density 

(𝒇𝒓𝒂𝒄. 𝒎⁄ ) 

Fracture 

height 

Fracture 

sets 

Fracture 

dip 

angle 

2
MOP 

Failure 

pressure 

(kPa) 

Difference 

with the 

base 

model
3
 

 

F
ra

c
tu

re
 h

e
ig

h
t 2.5 100 3 

ξ=25°,45° 

and 65° 

1,320 11,650 31% 

F
ra

c
tu

re
 i
n

te
ra

c
ti

o
n

 

2.5 20 3 

ξ=25°,45° 

and 65° 

1,781 2,227 6.9% 

F
ra

c
tu

re
 d

e
n

s
it

y
 a

n
d

 d
ip

 a
n

g
le

 

2.5 20 1 ξ=45° 1,716 2,145 10.3% 

 

 

 

 

 

 

2.5 20 1 ξ=0° 1,913 2,392 0% 

2.5 20 1 ξ=90° 1,880 2,351 1.7% 

3.5 20 1 ξ=45° 1,584 1,980 17.2% 

3.5 20 1 ξ=90° 1,848 2,310 3.4% 

N
o

n
-f

ra
c

tu
re

d
 c

a
s
e
s

 Isotropic 

model 

20 0 - 2,045 2,557 6.8% 

3Intrinsic 

Anisotropy 

20 0 - 1,913 2,392 0% 

1Model failed after three years of operation with the current operating injection pressure. 
2MOP was calculated considering 1.25 safety factor. 
3Intrisically anisotropic model is the base case model and other cases are compared with it. 

5.6 Conclusions 

Numerical direct shear tests were performed on samples with different fracture 

densities to find the equivalent strength parameters for ubiquitous fracture sets. 

Results showed that with the increase of fracture density, equivalent friction angle 

and cohesion for the sample dropped.  
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A series of coupled numerical models was performed to evaluate the failure 

pressure for a case study considering intrinsic and structural anisotropy (NFs) of 

shale formations. Failure pressure was defined as the pressure that results the 

expansion of yielded zone from reservoir-caprock interface up to the caprock-

quaternary deposits interface. A sensitivity analysis was performed for different 

fracture densities, heights, dip angles and number of fracture sets. The maximum 

operating pressure was calculated by dividing the failure pressure by the safety 

factor of 1.25.  

Results for the case study showed that the intrinsically anisotropic model (with no 

NFs) overestimated the MOP by 1.7% to 31% depending on fracture density and 

dip angle. Results showed that the inclined fractures with the dip angle of 45° had 

significant effect on the MOP, where the MOP dropped by 17.2% and 10.3% for 

fracture density of 3.5 and 2.5 frac./m, respectively, compared to those estimated 

using the intrinsically anisotropic model. Vertical fractures did not show 

significant effect on the MOP due to the specific in-situ stress pattern and 

negligible hydraulic conductivity of NFs in the case study. 

In this study, the hydraulic contribution of the NFs was neglected as published 

reports indicated little hydraulic conductivity for the NFs. Natural fractures could 

act as significant channels for fluid flow when triggered by applied stresses. The 

model could be improved by including the hydraulic contribution of triggered 

NFs.
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Chapter 6: Conclusions and recommendations for further 

studies 

6.1 Summary and conclusions 

This thesis has described the numerical assessment of the MOP for SAGD 

projects considering the effect of intrinsic and structural anisotropy of cap shales. 

The research methodology consists of the construction, verification and validation 

of a coupled hydro-thermo-mechanical model, implementation of a constitutive 

law capable of capturing  shale intrinsic and structural anisotropy in the coupled 

model along with its verification, and an investigation of the effect of intrinsic and 

structural anisotropy on the MOP in SAGD reservoirs. This chapter summarizes 

the key findings in this research based on a case study for a SAGD reservoir.  

Two cases were considered with isotropic and anisotropic cap shales to study the 

effect of shale intrinsic anisotropy on the MOP. The effect of NFs was neglected 

in this stage. Surface heave displacements were used to validate the model. 

Results show neglecting shale intrinsic anisotropy leads to a higher MOP 

prediction (7% higher MOP for the case study). 

The effect of existence of NFs (structural anisotropy) on the MOP was studied by 

performing a sensitivity analysis for different fracture densities, heights, dip 

angles and number of fracture sets for the same case study.   

Numerical direct shear tests were performed on samples with different fracture 

densities to find the equivalent strength parameters for ubiquitous NF sets. Results 
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showed that with the increase of fracture density, equivalent strength properties 

for the sample dropped.  

Results of the coupled tool indicate neglecting NFs can result in significant 

overestimation of the MOP.  Results for the case study showed that the 

intrinsically anisotropic model (with no NFs) overestimated the MOP by 1.7 % to 

31% depending on fracture density and dip angle. The MOP was found to be 

highly sensitive to the fracture density, direction, and height. For the case study, 

results displayed horizontal fractures had minor effect on the MOP while fractures 

with the dip angle between 25° to 65° significantly dropped the MOP and could 

not be neglected. Also, vertical fractures did not show significant effect on the 

MOP due to the specific in-situ stress pattern and negligible hydraulic 

conductivity of the NFs in the case study. 

The results in this thesis have shown that the intrinsic and structural anisotropic 

behavior of the caprock shales cannot be ignored. Common isotropic models 

provide an optimistic assessment of the MOP as they overestimate the MOP. 

Overestimation of MOP may result in loss of caprock integrity and irrecoverable 

consequences for the reservoir and the environment. 

6.2 Recommendations for future work 

The following research works are recommended for further research in caprock 

integrity assessment for SAGD reservoirs: 

 Injected heat into the reservoir can diffuse in the caprock strata and affect 

the shale strength properties. Use of constitutive models that can capture 
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the effect of temperature on the strength properties and characterization of 

temperature dependent strength properties will improve the accuracy of 

the model predictions. 

 Diffusion of water in the cap shale increases the water content in the shale 

zones adjacent the reservoir. Increased water content is known to reduce 

shale’s strength, thus, is expected to adversely impact the caprock 

integrity. 

 Natural fractures may act as channels for fluid flow when triggered by 

stresses. The model can be improved by including the hydraulic 

contribution of triggered NFs. 

 This research did not capture the potential effects of hydraulic and thermal 

anisotropies. It is evident that shale permeability along the bedding and 

NFs is significantly higher than the same in the perpendicular direction. 

A challenge in this project was the long computational time for the numerical 

model. A sequential coupling scheme was used to link the fluid flow and 

geomechanics simulators. The numerical stability and convergence rate are the 

key issues for the success of the sequential scheme. Several attempts to find stable 

and efficient sequential scheme methods for coupled poromechanics have been 

pursued in the geotechnical and computational mechanics communities (Kim et 

al., 2009). Four solution strategies for sequential schemes have been proposed: 

drained, undrained, fixed- strain, and fixed-stress solutions (Kim et al., 2009). All 

schemes can be applied to linear and nonlinear problems such as elastoplasticity 

(Kim et al., 2009). The stability and convergence rate of each of the sequentially 
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coupled models for coupled fluid flow and reservoir geomechanics problems are 

different. Investigating the convergence rate of each solution scheme was out of 

the scope of this study, but can have immediate and widespread applicability in 

the design of reservoir flow simulators that account for geomechanics. 
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Appendix A: Formulation of the AU constitutive model 

This appendix presents the incremental formulation of the AU constitutive model. 

AU constitutive model in this project is used in conjunction with FLAC software 

to capture the intrinsic and structural anisotropic behavior of shale formations. 

Explicit solution scheme is used for the constitutive model. The advantage of this 

scheme is the ability in following the evolution of a geologic system in a realistic 

manner without concerns about numerical instability problems. 

The AU constitutive model incorporates an incremental numerical algorithm. In 

this algorithm, the stress state for the current time (𝑡) is given. Also, the total 

strain increment for the current time step (Δ𝑡) is given. The purpose is to 

determine the stress increment for the time Δ𝑡 and, therefore, new stress state at 

time 𝑡 + Δ𝑡. In the case of plastic deformations, only the elastic part of strain 

increment (Δ𝑒𝑖𝑗
𝑒 Δ𝑡) contributes to the stress increment (Δ𝜎𝑖𝑗́

Δ𝑡
). In this case, a 

correction must be made to the elastic stress increment as calculated from the total 

strain increment, in order to obtain the actual stress at the end of the time step 

(Δ𝜎𝑖𝑗́
t+Δ𝑡

). 

The description of AU constitutive model is presented next. The yield criterion is 

defined as: 

𝑓(𝜎 𝑖́ ) = 0 (A.1) 

where 𝑓 is the yield function and σí  is the compontent of effective stresses. 
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The relation expressing the decomposition of strain increments into the sum of 

elastic and plastic parts is as follow: 

𝛥𝑒𝑖𝑗
𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑒𝑖𝑗

𝑒 + 𝛥𝑒𝑖𝑗
𝑝

 (A.2) 

where Δ𝑒𝑖𝑗 is the strain increment and superscripts ‘𝑒’ and ‘𝑝’ denote the elastic 

and plastic parts, respectively. 

The elastic relation between elastic strain increment and stress increment is as 

follows: 

𝛥𝜎𝑖𝑗́ = ∑𝐾𝑖𝑗𝑘𝑙𝛥𝑒𝑘𝑙
𝑘,𝑙

 (A.3) 

where Δσij́  is the incremental effective stress component, Kijkl are elastic 

constants, and Δekl is the incremental strain compontent.  

The flow rule specifiying the direction of the plastic strain increment vector as 

that normal to the potential surface is defined as: 

𝛥𝑒𝑖
𝑝
= 𝜆

𝜕𝑔

𝜕𝜎 𝑖́
 (A.4) 

where g is the potential function and λ is a constant. 

One requirement for the new stress state (𝜎𝑖𝑗́
𝑡+Δ𝑡

) is that it should satisfy the yield 

function. 

𝜎𝑖𝑗́
𝑡+𝛥𝑡 = 𝜎𝑖𝑗́

𝑡 + 𝛥𝜎𝑖𝑗́
𝛥𝑡

 (A.5) 

𝑓(𝜎𝑖𝑗́
𝑡+𝛥𝑡) = 0 ⟹ 𝑓 (𝜎𝑖𝑗́

𝑡 + 𝛥𝜎𝑖𝑗́
𝛥𝑡
) = 0 (A.6) 



208 

 

Substitution of the expression for the elastic starin increment derived from (A.2) 

into to the elastic relation (A.3) yields, 

𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 = 𝐾𝑖∆𝑒𝑖

𝑒𝛥𝑡 + 𝐾𝑖∆𝑒𝑖
𝑃𝛥𝑡⟹𝐾𝑖∆𝑒𝑖

𝑒𝛥𝑡

= 𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 − 𝐾𝑖∆𝑒𝑖

𝑃𝛥𝑡
𝐴.3
⇒ 𝛥𝜎�́�

𝛥𝑡

= 𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 − 𝐾𝑖∆𝑒𝑖

𝑃𝛥𝑡 

(A.7) 

In further expressing the plastic strain increment by means of the flow rule (A.4), 

this equation becomes: 

𝛥𝜎�́�
𝛥𝑡 = 𝐾𝑖∆𝑒𝑖

𝑡𝑜𝑡𝑎𝑙𝛥𝑡 − 𝐾𝑖∆𝑒𝑖
𝑃𝛥𝑡

𝐴.4
⇒ 𝛥𝜎�́�

𝛥𝑡 = 𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 − 𝜆𝐾𝑖 (

𝜕𝑔

𝜕𝜎�́�
) (A.8) 

In the special case of AU constitutive model, where 𝑓 is the linear function of the 

effective stress components (𝜎1́ and 𝜎3́), Eq. (A.6) can be expressed as: 

𝑓 (𝜎�́�
𝑡 + 𝛥𝜎𝑖́

𝛥𝑡
) = 0 ⇒ 𝑓(𝜎�́�

𝑡) + 𝑓∗(∆𝜎�́�
∆𝑡) = 0 (A.9) 

where f ∗ represents the function f minus its constant term: 

𝑓∗(. ) = 𝑓(. ) − 𝑓(0) 
(A.10) 

where f(0) represents the constant terms in the yield function. 

For a stress point on the yield surface (Eq. (A.9)) after substitution of the 

expression Eq. (A.8) for the stress increment, it becomes 

𝑓∗ (𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡) − 𝜆𝑓∗ [𝐾𝑖 (

𝜕𝑔

𝜕𝜎�́�
)] = 0 (A.11) 

New stress components (𝜎�́�
𝑁

) and initial elastic stress guesses (𝜎�́�
𝐼
) are defined as: 

𝜎�́�
𝑡+𝛥𝑡𝑁 = 𝜎�́�

𝑡 + 𝛥𝜎�́�
𝑡+𝛥𝑡

 (A.12) 
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𝜎�́�
𝑡+𝛥𝑡𝐼 = 𝜎�́�

𝑡 + 𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 (A.13) 

Note that the term Ki∆ei
totalΔt in Eq. (A.13) is the component 𝑖 of the stress 

increment introduced by the total strain increment in case no increment of plastic 

deformation takes place. That is the reason the Eq. (A.13) called initial guess. 

An expression for 𝜆 in terms of f can be derived form Eq. (A.10) and (A.11) as 

follows: 

𝜆 =
𝑓 (𝜎�́�

𝑡+𝛥𝑡𝐼)

𝑓 [𝐾𝑖 (
𝜕𝑔
𝜕𝜎�́�
)] − 𝑓(0)

 
(A.14) 

Using the expression of the stress increment, Eq. (A.8), and the definition of the 

elastic guess, Eq. (A.13), the new stress state can be written as: 

𝜎�́�
𝑡+𝛥𝑡𝑁 = 𝜎�́�

𝑡+𝛥𝑡𝐼 − 𝜆𝐾𝑖 (
𝜕𝑔

𝜕𝜎�́�
) (A.15) 

Finally, new stresses are calculated based on the following equation by combining 

Eq. (A.13), Eq. (A.14), and Eq. (A.15). 

𝜎�́�
𝑡+𝛥𝑡𝑁 = 𝜎�́�

𝑡 + 𝐾𝑖∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 −

𝑓 (𝜎�́�
𝑡+𝛥𝑡𝐼)

𝑓 [𝐾𝑖 (
𝜕𝑔
𝜕𝜎�́�
)] − 𝑓(0)

𝐾𝑖 (
𝜕𝑔

𝜕𝜎�́�
) 

(A.16) 

Note that in above formula, for each time step, 𝜎�́�
𝑡
 is the initial sress state and 

∆𝑒𝑖
𝑡𝑜𝑡𝑎𝑙𝛥𝑡 is the total strain increment for each time step. Both parameters are 

known in the calculations. The total strain increments are calculated from the 

force equiblirium equations in each time step and based on them, effective 

stresses are updated. 


