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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 intrinsic anisotropy and structural anisotropy caused by the natural fractures 

(NFs) in the cap shale. This paper addresses the effects of the intrinsic anisotropy of the shales 

and also the existence of NFs on the Maximum Operating Pressure (MOP) in SAGD projects. 

In this study, a new constitutive model is developed and incorporated to consider the effect of 

NFs and intrinsic anisotropy in the cap shale. A coupled numerical tool was utilized to determine 

the MOP for different case scenarios in the number of fracture sets, fracture density and dip 

angle, as well as the height. Results of all cases were analyzed to evaluate their effect on the 

MOP.  

Results of the coupled model indicate continued integrity of the caprock for the case study 

project for the current operational program for almost all the considered case scenarios, except 

for an extreme case. Therefore, higher injection pressures than the current pressure were 

investigated to assess the MOP. Results indicate that the MOP was highly sensitive to the 

fracture density, direction, and height. Results also display a minor impact for the horizontal 

fractures on the MOP for the case study while fractures with the dip angle between 25° to 65° 

show a significant impact on the caprock integrity, hence, the MOP. Moreover, results indicate 

an overestimation of the MOP by up to 23% when neglecting the NFs. Comparing the results of 

different case scenarios with those of conventional isotropic models highlights the requirement to 

include the effect of NFs in caprock integrity studies. 

Keywords: SAGD, Maximum Operation Pressure (MOP), Natural fractures, Shale, Caprock 

integrity, Anisotropy, Coupled numerical modeling 

1. Introduction 

Having a sealing caprock in SAGD operations is of prime importance. Steam injection expands 

reservoir sand, and decreases horizontal stress while increasing shear stress in the caprock, which 

increase the likelihood of caprock breach (Rahmati et al., 2014, 2015). 

Natural Fractures (NFs) have been observed in SAGD caprocks in Alberta (Chou, 2014). They 

act as potential failure planes that could be triggered when the shear stress in those planes 

exceeds the threshold. Natural fractures also influence the caprock response by inducing 

structural anisotropy in the caprock.  

Another type of anisotropy, which is called intrinsic anisotropy, has been observed in shales 

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

Ramamurthy, 1993; Karakul et al., 2010). Shales exhibit strong intrinsic 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). Effect of 
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the intrinsic anisotropy on caprock integrity for SAGD projects was addressed by Rahmati et al. 

(2017). 

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). Neglecting intrinsic and structural anisotropy seems to have a 

significant overestimation of the Maximum Operating Pressure (MOP). Rahmati et al. (2017) 

studied the effect of intrinsic anisotropy of cap shale on caprock integrity. They concluded that 

neglecting intrinsic anisotropy alone for a case study overestimated the MOP by 7%. They did 

not include enough physics to incorporate NFs in the caprock integrity assessment. 

Introduced numerical model here considers both the intrinsic anisotropy and NFs for caprock 

shale. A coupled hydro-thermo-mechanical model was developed to assess the MOP considering 

both intrinsic anisotropy and NFs. The effect of NFs was incorporated by developing and 

implementing a new constitutive relation for shales. 

The coupled tool was used in conjunction with the new constitutive model for a case study based 

on the public published data for MacKay River SAGD project (Suncor Energy, 2009). Suncor 

Energy (2013) performed a fracture characterization study in the area of interest. They reported 

the existence of fractures in the cap shale.  However, the possible effect of NFs on the MOP is 

yet to be addressed. 

In this study, 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. 

2. Definitions 

Fractures were 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. Fracture 

density is considered 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. Fracture spacing describes the average perpendicular distance between two 

adjacent fractures of the same set and is equal to the inverse of fracture density. Fracture height 

is the trace extent of the fractures in a sampling area normal to the fracture length (see Figure 1). 

Fracture length is a measure of the extent of development of fracture surface (Singhal et al., 

2010). 
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Figure 1 Definition of the attributes of natural fractures 

3. Theoretical Background of the Constitutive Model 

In most cases, the caprock of a petroleum reservoir consists of shale. Different researchers have 

demonstrated that the elastic and plastic properties of shale are highly anisotropic (McLamore 

and Gray, 1967; Sone, 2012). In the elastic range, stratification of shales leads to transverse 

isotropy which can be incorporated in the Hookes' law (Hemsing, 2007; Puzrin, 2012): 
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] (1) 

where 𝜎 and 𝜀 are the second-order stress and strain tensors, respectively; 𝐸ℎ and 𝐸𝑣 are the 

Young moduli in the horizontal and vertical directions, respectively; 𝐺ℎ𝑣 is the cross-shear 

modulus between a plane of isotropy and the perpendicular plane; 𝜐𝑎𝑏 is the Poisson’s ratio, 

where "𝑎" and "𝑏" indicate the stress direction and the direction of the strain component caused 

by this stress (vertical 𝑣 or horizontal ℎ), respectively. It should be mentioned that 𝑥 and 𝑧 

indices are in horizontal directions and 𝑦 is in vertical direction. 

McLamore and Gray (1967) proposed a variable cohesion and friction angle theory to capture the 

anisotropic behavior of shale in the plastic range. They proposed the following equations for 

shale’s strength properties: 

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

 (2) 

𝜑(𝜃) = 𝑎𝑟𝑐𝑡𝑎𝑛 (𝐶1,2 − 𝐷1,2𝑐𝑜𝑠 (2(𝜃𝑚𝑖𝑛,𝜑 − 𝜃))
𝑚
) (3) 

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 
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constants that describe the variance over the range of 0° ≤ 𝜃 ≤ 𝜃𝑚𝑖𝑛,𝑐 and 0° ≤ 𝜃 ≤ 𝜃𝑚𝑖𝑛,𝜑, 

respectively; 𝐴2, 𝐵2 and 𝐶2, 𝐷2 are constants that describe the variance over the range of θmin,c <

𝜃 ≤ 90° and θmin,φ < 𝜃 ≤ 90°, respectively; 𝑛 and 𝑚 are “anisotropy type” factors (McLamore 

and Gray, 1967). 

A ubiquitous joints model theory proposed by Clark (2006) was adopted to incorporate the effect 

of NFs in the model. . The ubiquitous joints model represents a set of fractures that are triggered 

when their yield criterion is satisfied. The ubiquitous joints model was combined with the elastic 

transverse anisotropy and the variable cohesion-friction model proposed by McLamore and Gray 

(1967) to come up with an anisotropic model which accounts for both intrinsic and structureal 

anisotropy. In the proposed model, yielding may occur either in the solid or along the fractures, 

or both, depending on the stress state, fracture’s direction, and strength properties of the solid 

and fractures. 

In this constitutive model, the plastic deformation is first calculated due to matrix yield. The new 

stresses are then analyzed and updated for the fracture yield. Mohr-Coulomb criterion was used 

for the fracture yield detection in the ubiquitous joints model:  

𝜏 = −𝜎𝑛𝑡𝑎𝑛𝜑𝑓 + 𝑐𝑓   (4)  

where 𝜏 and 𝜎𝑛 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. For the 

sign convention, compressive stress is assumed to be negative. 

Figure 2 illustrates the global (𝑥 𝑦) and local (�́� �́�) 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 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 stress components are denoted as 𝜎𝑖𝑗  and 𝜎𝑖𝑗́ , respectively. These global 

stresses are resolved into local components by stress transformation (Fjaer et al., 2008): 

[
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]  (5)  

where rotational matrix [𝑅] is as follows: 

𝑦 
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𝑅 =

[
 
 
 

𝑐𝑜𝑠 𝜉2 𝑠𝑖𝑛 𝜉2 0 2 𝑠𝑖𝑛𝜉 𝑐𝑜𝑠 𝜉

𝑠𝑖𝑛 𝜉2 𝑐𝑜𝑠 𝜉2 0 −2𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉
0 0 1 0

−𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉 𝑠𝑖𝑛 𝜉 𝑐𝑜𝑠 𝜉 0 𝑐𝑜𝑠 𝜉2 − 𝑠𝑖𝑛 𝜉2]
 
 
 
  (6)  

With this notation, the local expression of incremental elastic stress has the form: 

[
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𝑒
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  (7)  

in which 

[�́�] = [𝑅][𝐾][𝑅]−1  (8)  

where matrix [𝐾] is the stiffness matrix, and 𝑒𝑖𝑗́  is the strain in the local coordinate system, and 

the superscript “e” stands for “elastic”.  

Yield criteria may be presented in the (σyý , �́�) plane, as illustrated in Figure 3: 

 
Figure 3 Fracture’s yield criterion 

Mohr-Coulomb criterion is used as the shear yield envelope for the NF: 

𝑓𝑆 = −�́� − 𝜎𝑦𝑦́ 𝑡𝑎𝑛𝜑𝑓 + 𝑐𝑓   (9)  

And the tensile yield criterion for the NF is defined by: 

𝑓𝑡 = 𝜎𝑓
𝑡 − 𝜎𝑦𝑦́   (10)  

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: 

𝑔𝑆 = −�́� − 𝜎𝑦𝑦́ 𝑡𝑎𝑛 𝜓𝑓  (11)  

𝑔𝑡 = −𝜎𝑦𝑦́   (12)  

Non-associated flow rule for the shear and tensile yield are defined as follows (Fjar et al., 2008): 

𝛥𝑒𝑖𝑗
𝑃 = 𝜆𝑆

𝜕𝑔𝑠

𝜕𝜎𝑖𝑗
  (13)  

𝛥𝑒𝑖𝑗
𝑃 = 𝜆𝑡

𝜕𝑔𝑡

𝜕𝜎𝑖𝑗
  (14)  

𝑓𝑡 = 0 

𝑓𝑠 = 0 

𝜎𝑦𝑦́  

𝜏 
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where 𝜆𝑆 and 𝜆𝑡 are the constants of proportionality for shear and tensile yield modes, 

respectively, and superscript “p” stands for “plastic”. 

Combining Eq. (11) and Eq. (13), plastic strain increments due to the shear yield along the 

fracture are expressed as follows: 

[
 
 
 
 ∆𝑒𝑥𝑥́

𝑃
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0
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0
−𝜆𝑆

]  (15)  

Plastic strain increments due to tensile yielding can be obtained by combining Eq. (12) and (14): 

[
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𝑃

∆𝑒𝑥𝑦́
𝑃
]
 
 
 
 

= [

0
−𝜆𝑡
0
0

]  (16)  

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. (7) are the stresses here, 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. 

[
 
 
 
 
�́�𝑥𝑥
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𝑁
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�́�(2,2) 𝑡𝑎𝑛 𝜓𝑓 𝜆𝑆 + �́�(2,4)𝜆𝑆

�́�(3,2) 𝑡𝑎𝑛 𝜓𝑓 𝜆𝑆 + �́�(3,4)𝜆𝑆

�́�(4,2) 𝑡𝑎𝑛 𝜓𝑓 𝜆𝑆 + �́�(4,4)𝜆𝑆]
 
 
 
 

  (17)  
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  (18)  

where superscript “N” stands “new stress state”, and �́�(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. (6) and Eq. (17), and expressed as follows: 

𝜆𝑆 =
𝑓𝑠(𝜎𝑦𝑦́ , 𝜏)

(�́�(4,2) 𝑡𝑎𝑛 𝜓𝑓 + �́�(4,4) + �́�(2,2) 𝑡𝑎𝑛 𝜓𝑓 𝑡𝑎𝑛𝜑𝑓 + �́�(2,4) 𝑡𝑎𝑛 𝜑𝑓)
  (19)  

Using the same reasoning as described above, tensile constant of proportionality may be 

calculated by combining Eq. (10) and Eq. (18), and expressed as: 

𝜆𝑡 =
𝑓𝑡(𝜎𝑦𝑦́ )

�́�(2,2)
  (20)  

Finally, after calculating the new stresses in the local coordinate system, the stresses resolve back 
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into the global coordinate system by using Eq. (5). 

Presented formulation 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 constitutive law can consider shale intrinsic anisotropy in elastic and plastic ranges. In 

addition, it can consider 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. 

4. Numerical Model 

Two commercial finite difference software packages (FLAC, a geomechanical software package 

developed by ITASCA (Itasca Consulting Group, 2011) and STARS, a flow simulator developed 

by CMG (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. Sequential coupling 

approach with a convergence tolerance of 5% was used to link the fluid-flow module with the 

Geomechanics module. Figure 4 shows a schematic of the coupling approach. Further details on 

the coupling approach could be found in Rahmati et al. (2017). 

 
Figure 4 Sequential coupling scheme (after Rahmati et al., 2014) 

  

5. Case Study 

This section demonstrates the importance of including cap shale’s intrinsic anisotropy and NFs 

in caprock integrity studies by presenting the results of a case study. 

5.1. Input Data 

Public data related to Pad C MacKay River SAGD project were used for this study to ensure 

consistent data. Some input data were assumed as they were not publicly 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 NFs and intrinsic anisotropy of 

cap shale on the MOP in SAGD projects. 

Except for the characteristics of the natural fractures, the input data for this study can be found in 

Rahmati et al. (2017). The data consist of in-situ stresses, hydraulic, thermal, and mechanical 
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code  

Pressure & temperature 

Updated porosity & permeability 
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properties, and anisotropic mechanical properties. 

The rest of this section presents the geological information and the assumed strength parameters 

for the NFs. 

5.1.1. Geological Description of Natural Fractures 

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 fractures in the wells 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 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. Hence, this work assumes the fracture geometry and properties 

in a sensitivity analysis. 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 MOP  

level. In this study, a uniform fracture distribution was assumed. Further, a linear fracture density 

of 2.5 frac. m⁄  was considered for the base case for both Clearwater and Wabiskaw shales. The 

fractures were assumed to be systematic (not random) with NE-SW direction (dip direction of 

315°) (parallel to the SAGD wells) with 40-50° dip angle.  

5.1.2. Strength Properties of Ubiquitous Fractures 

A critical issue for this study was to determine the strength parameters of ubiquitous fractures. A 

series of hypothetical numerical direct shear tests were performed with FLAC to calculate the 

strength properties of elements containing fractures (Figure 5). The main purpose of this 

hypothetical numerical model was to smear the NF effect to the entire medium as the fracture 

size is relatively small in comparison with the size of numerical grid blocks. The results of 

numerical direct shear test were verified against analytical solutions proposed by Wittke (1990). 

The sample size for direct shear test was selected to be 4 m by 4 m (Figure 5) based on the 

Representative Elementary Volume (REV) assessment for these fractures. The REV is the 

smallest volume over which a measurement can be made that will yield a value representative of 

the whole (Hill, 1963). Different fracture densities (1.75 to 8.5 frac./m) were considered to 

evaluate the strength properties of the rock mass (Figure 5). Fractures were uniformly distributed 

throughout the solid inFigure 5. Niven and Duestch (2010) asserted that conventional random 

fracture distribution, which is commonly used for Discrete Fracture Networks (DFNs), does not 

represent realistic fracture distribution (Niven et al., 2010). 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. Thus, random distribution of NFs is rare when tectonic forces created them 

(Niven and Duestch, 2010). However, other sources of development 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). The authors assumed uniform 

distribution with equal fracture spacing (see Figure 5). In Figure 5, fractures are shown as black 
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lines. 

The strength parameters for Clearwater/Wabiskaw shale were assumed to be the same as the 

assigned parameters by Rahmati et al. (2017) for same layers. As most of the fractures for the 

studied area have no infill materials (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 authors 

are not aware if experimental measurements have been conducted for this property for 

Clearwater and Wabiskaw shales particularly for this site. 

Equivalent cohesion and friction angle for different fracture densities were calculated based on 

the results of numerical direct shear tests for both Wabiskaw and Clearwater shale. Figure 

6shows the equivalent friction angle and cohesion for different fracture densities.  

 

Figure 5 (a-e) Schematic of assumed NF distribution for different fracture densities and (f) magnified mesh design  

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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Figure 6 Equivalent friction angle and cohesion for different fracture densities in Clearwater and Wabiskaw shales 

5.1.3. Effect of Fracture Attributes on Strength Properties of Ubiquitous Fractures 

Because a comprehensive fracture characterization has not been published for the case study 

area, a parametric study by varying the number of fracture sets was performed, fracture density, 

and fracture height and dip angle to investigate their effect on the MOP (Table 1). Non-fractured 

model with the assumption of isotropic rock was considered as the base case. To study the effect 

of fracture density on the MOP, two cases were tested with the fracture density of 2.5 (base case) 

and 3.5 frac./m. 

Table 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 

1Non-fractured 
cases (isotropic 
and intrinsically 

anisotropic 
model) 

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 
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1Non-fractured cases do not include fracture sets. Isotropic and intrinsically anisotropic models are considered for 

caprock layers. Isotropic model is considered as base case. 
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. 

5.2. Model Geometry, Operational Conditions, and Boundary Conditions 

Five years of injection-production operation of Pad C is simulated in this paper. Steam quality, 

temperature, and pressure were considered to be 95%, 200 °C and 1,650 kPa, respectively 

(Suncor Energy, 2009).  

2-D plane strain condition was assumed, which seems to be valid because of the relatively long 

horizontal wells compared with the distance between the wells and also, a uniform temperature 

distribution along the producers (Suncor Energy, 2013), which is an indication of uniform steam 

injection and production along the wells. 

Pad C consists of six well pairs, called C1-C6. In this research, geometry and operation 

symmetry were assumed between C1-C3 well pairs and C4-C6 well pairs. Therefore, as shown in 

Figure 7, only C4-C6 well pairs were simulated. The model sides were fixed in the horizontal 

direction and the bottom boundary was fixed in horizontal and vertical directions. 

 
Figure 7 Model geometry (after Rahmati et al., 2017) 

Numerical mesh design for the geomechanical module is presented in Figure 8. Different 

element sizes were used to decrease the computation time while keeping the accuracy on the 

sensitive layers. Figure 9 shows the fluid-flow simulator mesh design. A uniform element size 

was used in the fluid-flow simulator. 

 

Symmetry line 

300 m 

40 m 

30 m 

800 m 

Devonian limestone 

20 m 

McMurray formation 

Clearwater shale 

Wabiskaw shale 

Quaternary Deposits 40 m 

120m 

C6 C5 C4 

120m 60m 

800 m 

C3 C2 C1 
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Figure 8 Geomechanical grid-block size for each layer (after Rahmati et al., 2017) 

 
Figure 9 Numerical mesh for fluid flow for each geological layer (after Rahmati et al., 2017) 

6. Results of Coupled Hydro-thermo-mechanical Model 

This section considers the anisotropic non-fractured model as the base case model. For all cases, 

the actual well operation was applied for the first five years. At the end of five years of 

operations, if field injection pressures did not compromise the caprock, the injection pressures 

were increased beyond the actual levels to find the caprock breach pressure. The injection 

pressure was increased in steps, where the pressure in each step was higher than the previous by 

10% of the injection pressure in the previous step.  The pressure in each step was kept constant 

for six months.  

Injection pressures were increased until the caprock breach, which was defined as the yielded 

zone extending from the bottom to the top of the caprock. 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.  
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6.1. Simulation Cases  

The effect of four parameters (including fracture density, dip angle, height, and interaction 

between different fracture sets) was considered to investigate the possible effect of NFs on the 

MOP. Results are compared with those of anisotropic non-fractured model, which was 

considered as the base case. 

6.1.1. Fracture Density and Dip Angle 

Figure 10shows 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 10 shows that the caprock failure is 

due to yielding in the rock matrix. 

 
Figure 10 Yielded zones for fracture density=𝟐. 𝟓 𝒇𝒓𝒂𝒄. 𝒎⁄  and fracture dip angle=𝟎°  

Figure 11 displays the yielded zones for oblique fractures (ξ = 45°) and fracture density of 

2.5 frac. m⁄ . Results show that the Clearwater shale is in shear yield due to the NFs. In this case 

study, failure pressure dropped from 2, 392 kPa with no NFs 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 of the injector wells. 

Figure 12 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 only 1.5% 

less than the case without considering NFs. 
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Figure 11 Yielded zones for fracture density=𝟐. 𝟓 𝒇𝒓𝒂𝒄. 𝒎⁄  and fracture dip angle=𝟒𝟓°  

 
Figure 12 Yielded zones for fracture density=𝟐. 𝟓 𝒇𝒓𝒂𝒄. 𝒎⁄  and fracture dip angle=𝟗𝟎°  

Figure 13 presents the yielded zone for the case of fracture density of 3.5 frac. m⁄  and oblique 

fractures (ξ = 45°). Results show that most of the Clearwater shale, which is the main caprock in 

this project, was breached due to fracture yield. Failure pressure in this case was significantly 

lower at 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 the 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%. 

 

Figure 13 Yielded zones for fracture density=𝟑. 𝟓 𝒇𝒓𝒂𝒄. 𝒎⁄  and fracture dip angle=𝟒𝟓°  
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Figure 14 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, which is close to the failure pressure for the case with vertical 

fractures and fracture density of 2.5 frac./m (failure pressure = 2,351 kPa). Results show that the 

fracture density has a minor effect on the failure pressure of vertical fractures for this case study. 

In this case, failure pressure was decreased by only 1% in response to 40% increase in fracture 

density. Also, results indicate a minor influence of vertical fractures on caprock integrity for the 

range of fracture density considered here. Vertical fractures could have a significant effect 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. 

 
Figure 14 Yielded zones for fracture density=𝟑. 𝟓 𝒇𝒓𝒂𝒄. 𝒎⁄  and fracture dip angle=𝟗𝟎°  

6.1.2. Interaction between Different Fracture Sets 

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 was equal to 2.5 frac./m. 

Results show caprock breach at 2,227 kPa, which is higher than the failure pressure for single 

fracture set with 45o dip angle (2,145 kPa). Failure pressure in this case is 3.6% higher than the 

case with 45o dip angle considering only one set of NFs with the same fracture density. This is 

because, for this case study, the NFs with 45o dip angle are more prone to failure than 25o or 65o 

NFs. Figure 15 shows the yielded zones for the case with three fracture sets. Yielded fractures 

are seen to have conical shape with more spread at shallower depth, due likely to smaller normal 

stresses on NF planes at shallower depth. The yielded 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.  
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Figure 15 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  

6.1.3. 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 larger fractures. The result was caprock failure in the third year of 

production with the existing operating pressure (injection pressure of 1,650 kPa). Figure 16 

depicts the yielded zone for this case which 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 was dropped by 26% in comparison with the case 

with the fracture height of 20 cm. Results show the importance of accurate characterization of 

NFs in terms of the height and dip angle. 

 
Figure 16 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  

6.2. 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 published by Rahmati 

et al. (2017).  

Figure 17 shows the injection pressures for caprock breach for different cases. The figure 
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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 3rd year of production with the operating pressure that was exercised in the field.  

  

 

 
Figure 17 Injection pressures at caprock failure for Injector C6 (F.D., F.S. and F.H. stand for fracture density, number of 

fracture sets and fracture height, respectively) 

Table 2 presents the failure pressures for different sensitivity cases in terms of injector well 

pressure. Failure pressures in Table 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 MOP. The MOPs in Table 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 2 and considering the case with isotropic caprock as the 

base case, it can be seen that  

 Neglecting intrinsic anisotropy resulted an overestimation of the MOP by 7%; 

 For the sensitivity cases attempted, neglecting structural anisotropy (i.e., NFs) led to an 

overestimation of the MOP by up to 35% compared with the isotropic model.  

 Oblique NFs had major effect while horizontal NFs showed a negligible effect on the 

MOP. Vertical fractures showed some effect on the MOP (8-10% compared with the case 

with isotropic assumption without NFs).  

 Including multiple sets of NFs (instead of assuming NFs in one dip angle) has a 

significant effect on the MOP of injector wells. For the specific case study of this 

research and the same fracture density (2.5 frac./m), MOP was increased by 3.6% when 
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considering three sets of NFs in comparison with the case considering NFs in dip angle of 

45°. 

 Fracture height has a 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, MOP was dropped by 

35%. Therefore, accurate characterization of NFs is essential for caprock integrity 

studies. 

 Fracture density affects the MOP in SAGD operations. MOP is decreased by increase of 

fracture density. In this study, MOP was decreased by 8 % with 40% increase of fracture 

density for the case of oblique NFs. 

Vertical fractures, if triggered, could highly enhance the possibility of vertical leakage of the 

steam/bitumen via NFs. The possible hydraulic contribution of NFs was not considered for this 

study as Suncor Energy (2013) reported that the NFs in the studied area were non-conductive. 

Table 2 Injection pressures at failure for injector wells 

Category 

Fracture 

density 

(𝒇𝒓𝒂𝒄. 𝒎⁄ ) 

Fracture 
Height 

Fracture 
sets 

Fracture 
dip angle 

2MOP 

Failure 

pressure 
(kPa) 

Difference 
with 

3isotropic 
model 

 

F
ra

c
tu

re
 h

e
ig

h
t 

2.5 100 3 
ξ=25°,45° 

and 65° 
1,320 11,650 35% 

F
ra

c
tu

re
 

in
te

ra
c
ti

o
n

 

2.5 20 3 
ξ=25°,45° 

and 65° 
1,781 2,227 13% 

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 16% 

 

 

 

 

 

 

2.5 20 1 ξ=0° 1,913 2,392 7% 

2.5 20 1 ξ=90° 1,880 2,351 8% 

3.5 20 1 ξ=45° 1,584 1,980 23% 

3.5 20 1 ξ=90° 1,848 2,310 10% 

4
N

o
n

-f
ra

c
tu

re
d

 c
a
s
e

s
 

3Isotropic 

model 
20 0 - 2,045 2,557 0% 

Intrinsic 

Anisotropy 
20 0 - 1,913 2,392 7% 

1Model failed at the third year of operation with current operating injection pressure. 
2MOP is calculated considering 1.25 safety factor. 
3Isotropic model is considered as the base case and other cases are compared with it. 
4These cases were outlined by Rahmati et al. (2017). 

7. Conclusion 

A hydro-thermo-mechanical model was developed to find the MOP in SAGD projects 
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considering the intrinsic anisotropy of shales and NFs. A novel elasto-plastic constitutive model 

was developed for this study which takes into consideration elastic anisotropy, anisotropic 

strength properties, and different sets of NFs.  

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.  

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 isotropic model overestimated the MOP by 8% to 23% 

depending on fracture density and dip angle for the cases with 20 cm height of fracture. Results 

showed that the inclined fractures with the dip angle of 45° had significant effect on the MOP, 

where the MOP dropped by 23% and 16% for fracture density of 3.5 and 2.5 frac./m, 

respectively, compared to those estimated using the isotropic assumption. 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. Results indicated that ignoring the structural 

anisotropy in caprock could potentially cause a remarkable overestimation of the MOP that could 

be avoided by introduced numerical assessment. 

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. 

Nomenclature 

𝐴,𝐵, 𝐶, 𝐷 = Constants in McLamore and Gray strength criterion 

𝐶𝑖𝑗𝑘𝑙  = Compliance tensor 

𝑐  = Cohesion, kPa 

𝐸𝑖  = Young’s modulus in i direction, MPa 

𝑒𝑖𝑗   = Strains components 

𝑓  = Failure criterion function 

𝐺ℎ𝑣  = Cross-shear modulus, MPa 

𝑔  = Potential function 

𝐾  = Stiffness matrix 

𝑚,𝑛  = Anisotropy type factors 

𝑅  = Orthogonal transformation matrix 
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𝛾𝑃   = Plastic shear strain 

𝜀𝑉  = Volumetric strain 

𝜃  = Angle between plane of anisotropy and maximum principal stress 

𝜆  = Constant of proportionality in non-associated flow rule 

𝜉  = Fracture dip angle, ° 𝜎𝑙𝑘   = Stress tensor, kPa 

𝜎1
,  𝑎𝑛𝑑 𝜎3

,
 = Maximum and minimum principal effective stresses, kPa 

𝜏  = Shear stress, kPa 

𝜐𝑎𝑏  = Poisson’s ratio 

𝜑  = Friction angle, ° 

𝜓  = Dilation angle, °  

𝜙  = Porosity 
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