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Caprock Integrity and Geomechanics Study for SAGD at Suncor’s Lewis Project 
CGG-GeoConsulting-Taurus Reservoir 

 
 

1. Introduction 

At the request of Suncor Energy Services Inc. (Suncor),  GC TAURUS (CGG) has performed a geomechanical modeling 

study of MOP for the Lewis project. Suncor is currently designing the exploitation of bitumen of the Lewis project 

using Steam Assisted Gravity Drainage (SAGD). Figure 1 shows the location of the Lewis asset.  

 

 
Figure 1.  Location of Lewis. 

Figure 2 shows a layout of the pad and orientation. For the SAGD operation at Lewis, 8 horizontal well-pairs, spaced at 

100m apart (well length: 700m) are proposed. 

http://www.cgg.com/
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Figure 2. Pad orientation and configuration for Lewis 

Details of this report include the following: 

1) Rock mechanical analysis of laboratory data and calibration of constitutive model 
2) DSI log analysis and calibration of formation stresses to minifrac data 
3) Analytical calculations of MOP based on AER’s tensile failure criterion and on Mohr-Circle’s failure analysis 
4) Setup of STARS models for base case and sensitivity simulations 
5) Simulation results and analysis 
6) Conclusions and recommendations 
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2. Rock Mechanics 

Laboratory tests by Tetratech EBA (EBA) on rock samples from core 6-27-92-08 W4 were carried out for four zones1: 
two samples were from the Lower Clearwater, one from the Wabiskaw Shale and another from the McMurray Oil 
Sands. For the purpose of consistency with Terta Tech EBA in terms of acronyms, the two cores from the Lower 
Clearwater zone will be designated hereafter as LClw[1] (depth: 88m to 89m) and LClw[2] (depth: 92m 99m), the core 
from the Wabiskaw zone as Wab (104m to 106m) and the core from McMurray oil sands, as McM (depth:125m). 
 
The type of tests carried included the following: 

1) Index tests  
2) Consolidated Drained (CD) Triaxial tests 
3) Direct shear 
4) Hydraulic conductivity 
5) Unconfined Compression tests 
6) 1D consolidation 
7) Swell Tests 

 
Rock mechanical calibration was done by simulating the triaxial samples in STARS under the same specific loading 
conditions as was carried out in the laboratory for CD Triaxial tests. For all the four zones tested, the effective 

confining stresses (3’) for CD Triaxial tests were 3’ = 250kPa, 600kPa, 1200kPa and 2100kPa. 

2.1 Lower Clearwater (LClw[1]) 

Figure 3 summarises the laboratory results conducted for the CD Triaxial tests. According to EBA, two friction angles 

(’) are recommended for peak strength depending on the state of stress, with ’ = 38o for normal stress n' < 2000kPa 

and ’ = 22.9oforn’> 2000kPa. Likewise for post-peak strength, EBA suggested the friction angles be lowered to 33.8o 

for n' < 2000kPa and 16.8 o forn’> 2000kPa. EBA’s underlying assumption for having two friction angles based on the 

normal stress appears to be necessitated by the desire to distinguish the samples CD1 and CD2 from the other two 

samples. However, a review of the measured parameters (Figure 4) does not appear to justify such a distinction 

between the two groups of samples, especially when the Plasticity Index (PI) for each of the samples are relatively 

similar to each other. 

                                                            
1 Tetra Tech EBA, GEOMECHANICAL LABORATORY TESTING – Suncor Lewis 6-27-92-08 W4,  May 18, 2016 
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Figure 3.  LClw[1]: CD triaxial tests results and interpretation by EBA  
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Figure 4.  LClw[1]: Measurements of major soil parameters 

Cohesion is another important parameter for shear strength. While EBA correctly noted that the cohesion decreased 

to negligible values with decreasingn’, it is unclear how EBA arrived at values of 275 kPa and 35 kPa the peak and 

post-peak cohesion , respectively (Figure 3). It should be mentioned that if a shear failure criterion is defined based on 

single value for cohesion but with  two distinct values of friction angle (i.e., one for n' < 2000kPa and another forn’> 

2000kPa), a point of discontinuity in the curve would be expected at n' = 2000kPa (contrary to the continuous curve 

plotted by EBA for shear failure in Figure 3). 

In any event, imposing n’ = 2000kPa as the stress condition to demarcate the friction angle into two distinct values 

may not be necessary if the envelope for shear failure assumed was non-linear as shown in Figure 5. Under this 

assumption for the nonlinearity, the friction angle is defined by ’ = atm –  log (3’/Pa), where Pa = 101.3 kPa. Thus 

for peak strength, atm = 55o and  with cohesion = 200 kPa, and for post-peak strength, atm = 43o and  

with cohesion = 10 kPa. Note that the linearized shear failure criterion (i.e, for peak strength offers a 

reasonable approximation with ’ = atm = 32o and cohesion = 500 kPa, and likewise for post-peak strength, with ’ = 

atm = 28o and cohesion = 100 kPa. 
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Figure 5.  LClw[1]: Linear and non-linear shear failure envelope for peak strength (top) and post-peak strength (bottom). 

Direct Shear (DS) tests were also conducted and the results are shown in Figure 6. Results for both orientations of 

shearing of the samples (perpendicular and parallel to the core axis), and for both peak and residual strengths are 

shown. While the difference in shear strengths between the two orientations of shearing was insignificant, the 

residual strengths are notably lower than the peak strengths. 
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Figure 6.  LClw[1]: Direct shear test results. Sheared perpendicular (left) and parallel (right) to core axis 
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For ease of reference and comparison, Figure 7 plots the shear strengths for all samples tested in the laboratory. 

 
Figure 7. LClw[1]: Comparison of shear strengths 

Parameters related to the stiffness of the samples tested by EBA, in particular the Young’s Modulus (E) and the 

Poisson’s Ratio (PR), were also evaluated. Figure 8 shows the deviatoric stress versus axial strain plots with the Young’s 

Modulus interpreted for the both loading and the unloading of the samples. As expected, the Young’s Modulus of the 

rock samples increased with the increase of 3’, and was greater for unloading than for loading due possibly to the 

stiffening of the rock materials as a result of the closing micro-cracks within the samples. Based on the laboratory 

data, the Young’s Modulus for this zone appeared to be relatively soft during the loading stage of the tests. However, 

the higher values for Young’s Modulus of the unloading phase could also represent a plausible scenario in which the 

formation has experienced strain hardening, and hence a sensitivity case with unloading Young’s Modulus will be 

performed to ascertain the impact on the geomechanical model due to a higher Young’s Modulus. 
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Figure 8.  LClw[1]: Deviatoric stress versus axial strain: Young’s Modulus for loading (top) and unloading (bottom). 

The constitutive model used for STARS simulation in this study was the elastic model with perfect plasticity upon 

shearing (the EP model). Calibration of this model was accomplished by simulating the triaxial samples under the same 

loading conditions as was carried out in the laboratory. Simulated results were then compared to laboratory results to 

ensure a reasonable match was obtained (Figure 9). Note that for this calibration, peak strength was assumed and the 

values for Young’s Modulus, Poisson’s Ratio and the dilation angle were 220MPa, 0.37 and 5o, respectively. 

http://www.cgg.com/
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Figure 9. LClw[1]: Triaxial simulation of the EP Model compared to lab data. Based on peak shear strength with Young’s 

Modulus of 220 MPa and Poisson’s Ratio of 0.37 

Since the EP model in STARS does not reflect the variation of E with respect to 3’, and since this variation is 

potentially non-linear (see Figure 10), the Non-Linear Elastic (NLE) model may be appropriate if capturing such a 

behaviour is needed. Thus, simulating the triaxial tests using the Non-Linear Elastic model, a better match was 

obtained in terms of the Young’s Modulus of the samples prior the shear failure (Figure 11). However, unlike the EP 

model, the NLE model lacks the ability to capture the proper response of the samples once shear failure has been 

attained. In particular, it does not reflect the behaviour of plasticity and dilation due to shearing. 

http://www.cgg.com/
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Figure 10.  LClw[1]: Non-linear initial Young’s Modulus (Ei) as a function of 3’. 

 
Figure 11. LClw[1]: Triaxial simulation of the NLE Model compared to lab data. Based on stiffness for axial loading. 
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2.2 Lower Clearwater (LClw[2]) 

Figure 12 summarises the laboratory results conducted for the CD Triaxial tests. Based on three samples CD5, CD6 

and CD7, EBA recommended a friction angle of ’ = 28o and cohesion of 100 kPa for peak strength, and ’ =  23 o 

and cohesion of 45 kPa for post-peak strength. The fourth sample CD8 was appropriately disregarded due to its 

dissimilarity in minerology as indicated by its significantly lower Plasticity Index (PI) compared to the other three 

samples (see Figure 13). The disparity in PI between CD8 and the other three samples was perhaps not surprising, 

since the depth for this sample (~99m) was about 7m deeper than the other samples (~92m). 

 
Figure 12.  LClw[2]: CD triaxial tests results and interpretation by EBA 

http://www.cgg.com/
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Figure 13.  LClw[2]: Measurements of major soil parameters 

Figure 14 plots the shear failure criteria for both peak strength and post-peak strength. Based on a non-linear criterion 

defined by ’ = atm –  log (3’/Pa), where Pa = 101.3 kPa, the parameters for peak strength are atm = 43o, 

and cohesion = 0 kPa, and for post-peak strength, atm = 30o and  and cohesion = 0 kPa. Linear shear 

failure criterion (i.e, for peak strength offers a reasonable approximation when ’ = atm = 29o with cohesion = 

100 kPa, and for post-peak strength, when ’ = atm = 23o and cohesion = 0 kPa. 
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Figure 14.  LClw[2]: Linear and non-linear shear failure envelope for peak strength (top) and post-peak strength (bottom). 

Direct Shear (DS) tests were also conducted and the results are shown in Figure 15. Results for both orientations of 

shearing of the samples (perpendicular and parallel to the core axis), and for both peak and residual strengths are 

shown.  As expected, the residual strengths are lower than the peak strengths. Also, the DS tests demonstrated that 

the shear strength is weaker when the orientation of shearing is perpendicular to the core axis (i.e., parallel to the 

bedding plane) than when it is parallel to the core axis (i.e., perpendicular to the bedding plane). 
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Figure 15. LClw[2]: Direct shear test results. Sheared perpendicular (left) and parallel (right) to core axis 
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For ease of reference and comparison, Figure 16 plots the shear strengths for all samples tested in the laboratory. 

 
Figure 16. LClw[2]: Comparison of shear strengths 

Parameters related to the stiffness of the samples tested by EBA, in particular the Young’s Modulus (E) and the 

Poisson’s Ratio (PR), were also evaluated. Figure 17 shows the deviatoric stress versus axial strain plots with the 

Young’s Modulus interpreted for the both loading and the unloading of the samples. As expected, the Young’s 

Modulus of the rock samples increased with the increase of 3’, and was greater for unloading than for loading. Based 

on the laboratory data, the Young’s Modulus for this zone appeared to be relatively soft during the loading stage of 

the tests. However, the higher values for Young’s Modulus of the unloading phase could also represent a plausible 

scenario in which the formation has experienced strain hardening, and hence a sensitivity case with unloading Young’s 

Modulus will be performed to ascertain the impact on the geomechanical model due to a higher Young’s Modulus. 
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Figure 17.  LClw[2]: Deviatoric stress versus axial strain: Young’s Modulus for loading (top) and unloading (bottom). 

The constitutive model used for STARS simulation in this study was the elastic model with perfect plasticity upon 

shearing (the EP model). Calibration of this model was done by simulating the triaxial samples with the same loading 

conditions as was carried out in the laboratory. Simulated results were then compared to laboratory results to ensure 

a reasonable match was obtained (Figure 18). Note that for this calibration, peak strength was assumed and the values 

for Young’s Modulus, Poisson’s Ratio and the dilation angle were 260MPa, 0.37 and 1o, respectively. 
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Figure 18. LClw[2]: Triaxial simulation of the EP Model compared to lab data. Based on peak shear strength with Young’s 

Modulus of 260 MPa and Poisson’s Ratio of 0.37 

Since the EP model in STARS does not reflect the variation of E with respect to 3’, and since this variation is 

potentially non-linear (see Figure 19), the Non-Linear Elastic (NLE) model may be appropriate if capturing such a 

behaviour is needed. Thus, simulating the triaxial tests using the Non-Linear Elastic model, a better match was 

obtained in terms of the Young’s Modulus of the samples prior the shear failure (Figure 20). However, unlike the EP 

model, the NLE model lacks the ability to capture the proper response of the samples once shear failure has been 

attained. In particular, it does not reflect the behaviour of plasticity and dilation due to shearing. 
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Figure 19.  LClw[2]: Non-linear initial Young’s Modulus (Ei) as a function of 3’. 

 
Figure 20. LClw[2]: Triaxial simulation of the NLE Model compared to lab data. Based on stiffness for axial loading. 
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2.3 Wabiskaw  Shale (Wab Sh) 

Figure 21 and Figure 22 summarise the laboratory results performed for this zone. Based on three samples CD9, CD10 

and CD11, EBA recommended a friction angle of ’ = 28o and cohesion of 100 kPa for peak strength, and ’ =  20.4 o 

and cohesion of 520 kPa for post-peak strength. The fourth sample, CD12, was appropriately disregarded since this 

sample was disproportionately weaker than the other samples due to the presence of a discontinuity parallel to the 

core axis observed at this depth (even before the sample was sheared). 

 
Figure 21. Wab Sh: CD triaxial tests results and interpretation by EBA  
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Figure 22. Wab Sh: Measurements of major soil parameters 
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Figure 23 plots the shear failure criteria for both peak strength and post-peak strength. Based on a non-linear criterion 

defined by ’ = atm –  log (3’/Pa), where Pa = 101.3 kPa, the parameters for peak strength are atm = 42o, 

and cohesion = 180 kPa, and for post-peak strength, atm = 35o and  and cohesion = 120 kPa. Linear 

shear failure criterion (i.e, for peak strength is a reasonable approximation when ’ = atm = 24o with cohesion 

= 400 kPa, and for post-peak strength, when ’ = atm = 13o and cohesion =220 kPa. 

 
Figure 23. Wab Sh: Linear and non-linear shear failure envelope for peak strength (top) and post-peak strength (bottom). 
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Direct Shear (DS) tests were also conducted and the results are shown in Figure 24. Results for both orientations of 

shearing of the samples (perpendicular and parallel to the core axis), and for both peak and residual strengths are 

shown.  As expected, the residual strengths are lower than the peak strengths. Similar to the DS tests for LClw[2], the 

DS tests demonstrated that the shear strength is weaker when the orientation of shearing is perpendicular to the core 

axis (i.e., parallel to the bedding plane) than when it is parallel to the core axis (i.e., perpendicular to the bedding 

plane). 

 
Figure 24. Wab Sh: Direct shear test results. Sheared perpendicular (left) and parallel (right) to core axis 
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For ease of reference and comparison, Figure 25 plots the shear strengths for all samples tested in the laboratory. 

 
Figure 25.  Wab Sh: Comparison of shear strengths 

Parameters related to the stiffness of the samples tested by EBA, in particular the Young’s Modulus (E) and the 

Poisson’s Ratio (PR), were also evaluated. Figure 26 shows the deviatoric stress versus axial strain plots with the 

Young’s Modulus interpreted for the both loading and the unloading of the samples. As expected, the Young’s 

Modulus of the rock samples increased with the increase of 3’, and was greater for unloading than for loading. As was 

for the Young’s Modulus in LClw[1] and LClw[2], the Young’s Modulus for this zone also appeared to be relatively soft 

during the loading stage of the tests. However, the higher values for Young’s Modulus of the unloading phase could 

represent a plausible scenario in which the formation has experienced strain hardening, and hence a sensitivity case 

with unloading Young’s Modulus will be performed to study the impact on the geomechanical model due to a higher 

Young’s Modulus. 
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Figure 26. Wab Sh: Deviatoric stress versus axial strain: Young’s Modulus for loading (top) and unloading (bottom). 

The constitutive model used for STARS simulation was the elastic model with perfect plasticity upon shearing (the EP 

model). Calibration of this model was done by simulating the triaxial samples with the same loading conditions as was 

carried out in the laboratory. Simulated results were then compared to laboratory results to ensure a reasonable 

match was obtained (Figure 27). Note that for this calibration, peak strength was assumed and the values for Young’s 

Modulus, Poisson’s Ratio and the dilation angle were 90MPa, 0.42 and 0o, respectively. 
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Figure 27. Wab Sh: Triaxial simulation of the EP Model compared to lab data. Based on peak shear strength with Young’s 

Modulus of 90 MPa and Poisson’s Ratio of 0.42 

Since the EP model in STARS does not reflect the variation of E with respect to 3’, and since this variation is 

potentially non-linear (see Figure 28), the Non-Linear Elastic (NLE) model may be appropriate if capturing such a 

behaviour is needed. Thus, simulating the triaxial tests using the Non-Linear Elastic model, a better match was 

obtained in terms of the Young’s Modulus of the samples prior the shear failure (Figure 29). However, unlike the EP 

model, the NLE model lacks the ability to capture the proper response of the samples once shear failure has been 

attained. In particular, it does not reflect the behaviour of plasticity and dilation due to shearing. 
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Figure 28. Wab Sh: Non-linear initial Young’s Modulus (Ei) as a function of 3’. 

 
Figure 29. Wab Sh: Triaxial simulation of the NLE Model compared to lab data. Based on stiffness for axial loading. 
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2.4 McMurray Sands (McM) 

Figure 30 and Figure 31 summarise the laboratory results performed for this zone. Based on all samples available, EBA 

recommended a friction angle of ’ = 34.6o and cohesion of 205 kPa for peak strength, and ’ =  33.9 o and cohesion of 

0 kPa for post-peak strength.  

 
Figure 30.  McM: CD triaxial tests results and interpretation by EBA  
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Figure 31.  McM: Measurements of major soil parameters 

Figure 32 plots the shear failure criteria for both peak strength and post-peak strength. Based on a non-linear criterion 

defined by ’ = atm –  log (3’/Pa), where Pa = 101.3 kPa, the parameters for peak strength are atm = 42o, 

and cohesion = 200 kPa, and for post-peak strength, atm = 40o and  and cohesion = 0 kPa. Linear shear 

failure criterion (i.e, for peak strength offers a reasonable approximation when ’ = atm = 35o with cohesion = 

250 kPa, and for post-peak strength, when ’ = atm = 33o and cohesion = 80 kPa. 
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Figure 32. McM: Linear and non-linear shear failure envelope for peak strength (top) and post-peak strength (bottom). 

Direct Shear (DS) tests were also conducted and the results are shown in Figure 33. Both peak and residual strengths 

are shown, but unlike all the other zones mentioned above, the samples for McM were sheared only in the direction 

perpendicular to the core axis.  As expected, the residual strengths are lower than the peak strengths. 
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Figure 33.  McM: Direct shear test results. Sheared perpendicular to core axis 
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For ease of reference and comparison, Figure 34Figure 25 plots the shear strengths for all samples tested in the 

laboratory. 

 
Figure 34. McM: Comparison of shear strengths 

Parameters related to the stiffness of the samples tested by EBA, in particular the Young’s Modulus (E) and the 

Poisson’s Ratio (PR), were also evaluated. Figure 35 shows the deviatoric stress versus axial strain plots with the 

Young’s Modulus interpreted for the both loading and the unloading of the samples. As expected, the Young’s 

Modulus of the rock samples increased with the increase of 3’, and was greater for unloading than for loading. The 

Young’s Modulus based on loading stage of the tests is lower than public data for oil sands. However, the higher 

values for Young’s Modulus of the unloading phase could represent a scenario in which the formation has experienced 

strain hardening, and hence a sensitivity case with unloading Young’s Modulus will be performed to study the impact 

on the geomechanical model due to a higher Young’s Modulus. 
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Figure 35. McM: Deviatoric stress versus axial strain: Young’s Modulus for loading (top) and unloading (bottom). 
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The constitutive model used for STARS simulation was the elastic model with perfect plasticity upon shearing (the EP 

model). Calibration of this model was done by simulating the triaxial samples with the same loading conditions as was 

carried out in the laboratory. Simulated results were then compared to laboratory results to ensure a reasonable 

match was obtained (Figure 27). Note that for this calibration, peak strength was assumed and the values for Young’s 

Modulus, Poisson’s Ratio and the dilation angle were 350MPa, 0.3 and 10o, respectively. 

 

Figure 36. McM: Triaxial simulation of the EP Model compared to lab data. Based on peak shear strength with Young’s Modulus 

of 350 MPa and Poisson’s Ratio of 0.3 
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Since the EP model in STARS does not reflect the variation of E with respect to 3’, and since this variation is non-linear 

(see Figure 37), the Non-Linear Elastic (NLE) model may be appropriate if capturing such a behaviour is needed. Thus, 

simulating the triaxial tests using the Non-Linear Elastic model, a better match was obtained in terms of the Young’s 

Modulus of the samples prior the shear failure (Figure 38). However, unlike the EP model, the NLE model available in 

STARS lacks the ability to capture the proper response of the samples once shear failure has been attained. In 

particular, it does not reflect the behaviour of plasticity and dilation due to shearing. 

 
Figure 37. McM: Non-linear initial Young’s Modulus (Ei) as a function of 3’ 
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Figure 38. McM: Triaxial simulation of the NLE Model compared to lab data. Based on stiffness for axial loading. 
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2.5 Summary of Rock Mechanical Properties 

All the simulations completed for the general caprock integrity analysis for Lewis were completed with STARS.  The 

most reliable constitutive model available in STARS is the LE model with perfect plasticity and this was used for this 

assessment.  The following table summarizes the shear failure surface parameters used as the shear strength limit for 

all zones in the model. 

 
Figure 39. Summary of Rock mechanical properties 

Note: for all zones, a thermal expansion of 1.0E-5 (1/degC) was assumed, based on Taurus calibration of models to the 

UTF Phase 2 project. 

 

2.6 Summary of Flow Properties 

The permeability values used in the model were based on either Lewis laboratory data or the geostatistical description 

provided by the Suncor geoscience team.  Reservoir poperties are summarized below. 

 
Figure 40. Summary of reservoir properties 

Zone TOP: TVD (m) TOP: SS (m) K layer porosity Kv (mD) Kh (mD) Sg Sw So

Obn 0 441.2 1 to 3 0.22 50 500 0 1 0

CLGP 37 404.2 4 to 11 0.22 50 500 0 1 0

CW Sh 79 362.2 12 to 20 0.22 0.00459 1 0 1 0

T21 or

Wab Sh
99 342.1 21 to 31 geostat 0.00319 geostat 0 geostat geostat

McM 111 330.2 32 to 74 geotata geostat geostat geostat geostat geostat

BHL 179 262.2 75 to 70 0.22 0 1 0 1 0

Green: Assumed

Red: Lab data
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Due to the presence of gas at the top of McM, capillary pressure of 3MPa was incorporated into the WabSh and CW Sh 

zones. 
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3. Initial Stresses 

Initial stresses for the models were based on stress gradients derived from sonic log data calibrated to minifrac data. 
Both minifrac and DSI log data were available from Well 6-27 for analysis.  Interpretation of minifrac data was 
provided by Suncor. Calibration of the stresses was accomplished as follows: 
 
o Factor the Poisson’s Ratio (PR) and Young’s Modulus to values as observed in laboratory data (see Figure 41). 

o Apply a small tectonic strain and glacial unloading to obtain a match of the minimum stress with the minifrac data 

(Figure 43). 

 
Figure 41. Well: 6-27: DSI log analysis: Gamma Ray (GR), Poisson’s Ratio (PR) and Young’s Modulus (E) 
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Figure 42. Well 6-27: Minifrac data and uncalibrated formation stresses 
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Figure 43. Well 6-27: Formation stresses based on DSI log calibrated to minifrac data 

Given the above assumptions, the pressure gradient through the CW Sh and Wab Sh was resulting in a pay zone or 

reservoir that was under-pressured. Hence, there was a potential for the downward movement of fluid from the 

aquitard into the reservoir at the initialization of the models. To prevent this loss of pressure equilibrium across this 

interface between pay zone and caprock, the base of the Wab Sh was initialized with zero vertical permeability. 

However, this parameter would be allowed to increase during simulation to a desired realistic non-zero value at the 

very instant when the pressure at the base of the Wab Sh attained a value greater than its initial value. A detailed 

discussion of this implementation in the models is discussed in Section 6. 
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4. Analytical Calculations of MOP 

The Maximum Operating Pressure (MOP) can be estimated using AER’s approach with a safety factor of 80% against 

failure at the base of the Wab Sh caprock. As shown in Figure 44, this calculation based on Well 6-27 indicates that the 

SAGD injection pressure limited by the integrity of the Wab Sh 2064 kPaa. 

4.1 MOP Based on Tensile Failure 

 
Figure 44. AER’s tensile failure criterion for MOP (depths and min. stress gradients based on Well 6-27) 

In this project, the injection pressure (Pinj) for the majority of simulations was 1671 kPa (unless noted otherwise). This 

injection pressure is based on Suncor’s calculation as shown in Figure 45. 

 
Figure 45. Suncor’s calculated MOP = 1671 kPa 
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4.2 MOP Based on Shear failure 

Another approach for estimating the MOP would be to use shear failure rather than tensile failure as the limiting 

criterion. To determine the MOP based on the shear failure criterion, Mohr Circle (MC) analyses for LClw[2] and Wab 

Sh formations were performed as shown in Figure 46 and Figure 47, respectively. Using the DS peak shear failure as 

the limiting criterion, Mohr Circle (MC) analyses demonstrated that the MOP was 1.7 MPa for shear failure in the 

LClw[2] and 1.8 MPa for shear failure in the Wab Sh.  Note that in these MC analyses, it was assumed that at shear 

failure, 2 main cases are relevant: 1) pressure increasing to MOP and 2) both pressure and temperature increasing to 

saturated steam conditions.  For the caprock (Wab Sh) the first case is most likely as due to vertical permeability of the 

caprock steam temperatures are not expected. 
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Figure 46. MC analysis for LClw[2] 
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Figure 47. MC analysis for Wab Sh 
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A similar MC analysis was also carried out for the McM formation as shown in Figure 48. According to this analysis, 
shear failure in the McM formation with potential permeability enhancement can be expected if the MOP exceeds 2.4 
MPa. 

 
Figure 48. MC analysis for McM 
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5. Gridding and Setup of Models for Simulations 

The reservoir model provided by Suncor was a 3D STARS model with the total number of blocks equal to 6,981,900 

(i.e., 74x1850x51).  A random 2D cross-section of the 3D model created by CGG is shown in Figure 49 (note that the 

model included pinchouts/collapsed layers on all the four sides of the model).  

 
Figure 49. A 2D cross-section of the 3D STARS model 

Geological surfaces were also provided for mapping into the overburden above and underburden below the reservoir 

model. These surfaces were the T21 Marker above and the BHL below. The 3D STARS model was modified as follows: 

 Pinchouts/collapsed on  all the four sides were cropped out (removed). 

 Gridding was vertically extended above the reservoir model by mapping to the top surface for T21 Marker and 

below the reservoir model by mapping to the top surface for BHL. Since no top surface for the CW Sh, CLGP or 

the ground surface was available, flat unstructured tops were assumed for these surfaces at depths 

corresponding to Well 6-27. Note that the mapped surface for T21 marker corresponded to the top of the 

given reservoir model, and therefore as confirmed later by Suncor, the given reservoir model included the 

Wab Sh caprock (note also that the typical lean zones above the McM pay zone, either the Wab C san or the 

UMcM zones, were not defined). 

 The model was laterally extended from the edge of the pad by about 10,000m. For ease of this grid extension 

in the lateral direction, the model was rotated about a vertical axis by 45 degrees so that the sides of the 
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model would be aligned parallel to the Cartesian planes. As part of the gridding process, the grids were 

coarser laterally away  from the heated pad.  

 The resultant model size of this modified STARS model was 1,744,162 blocks (i.e., 38x581x79). Figure 50 

summarizes the process of grid modification. In this figure, properties in the lower left image  has been 

removed for clarity of the grid of a random 2D cross section of the modified STARS model. The lower right 

image is a plan view showing a random IJ cross-section including the external boundaries of the four sides of 

the model after the lateral extensions away from the pad. The top image shows the plan view (IJ cross-section) 

before the model was rotated and before it was laterally extended. 

 For simulations in 3 dimensions, a subset of the 3D model (i.e., a quarter element of symmetry) was setup so 

that for computational efficiency, only 4 of the 8 well-pairs and half the well-length would be included in the 

model. Also, a 2D model gridding was setup with wells perpendicular to the 2D plane (i.e., a 2Dx model) by 

extracting the grid and arrays of properties from the middle of the pad. The 2Dx model represented a half pad 

with 4 well-pairs and well length of 50m. 
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Figure 50. Modified 3D STARS Model 
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6. Simulation results 

A range of sensitivity cases was defined for simulation. All simulations were carried out using STARS, as requested by 

Suncor. Geomechanical coupling method was based on the one-way coupling feature via the *GEOPOSTPRO keyword 

specification. This was a two-stage simulation procedure in which the flow solutions in terms of temperature and 

pressure changes were first obtained for the 10-year SAGD period. In the next step, these temperature and pressure 

changes were applied as loading conditions to the mechanical model to generate the stress solutions. This one-way 

coupling from the flow solution to the stress solution offered the benefit of improved computational efficiency, 

compared to a more rigorous coupling method. 

Figure 51 summarizes the range of sensitivity cases simulated for Lewis. 

 

 

 
Figure 51. Summary of cases for simulation 

Two parameters from simulation results were monitored and used to test for failure: the Tensile Stress Level (TSL) and 

the Shear Stress Level (SSL). Values greater than 1.0 for TSL or SSL would indicate failure in tension and shear, 

respectively. 

In the majority of the cases, the shear failure criterion used for calculating SSL was the DS peak shear. DS shear tests 

tests results generally provided a more conservative shear failure criterion than the TRX tests and hence were used for 

evaluating the SSL. 

 

http://www.cgg.com/


 

 
715 5 Ave SW Tel. (403) 205 6000 

Calgary, AB  Fax (403) 205 6400 

T2P 5A2 www.cgg.com 

 

56 

6.1  Tensile Stress Level (TSL) 

Figure 52 shows how the Tensile Stress Level (TSL) is calculated.

 
Figure 52. Tensile tress level (TSL) 

 

6.2  Shear Stress Level (SSL) 

Figure 53 summarizes the formulation for Shear Stress Level (or SSL). As mentioned earlier, the SSL in all simulations 

would be evaluated against the peak strength established by the Direct Shear (DS) tests. 

 
Figure 53. Shear stress level (SSL) 
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6.3 Case 3 

Case 3 is the most representative description and the base case for the other sensitivities.  

 
Figure 54.  Case 3: Temperature at T=5 & 10 yrs 
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Snapshot plots of SSL are plotted for this case for T=0, 2, 4, 7 and 10 years (Figure 55), and demonstrated that the 

maximum SSL was about 0.5. Since the maximum SSL was less than 1.0, no shear failure was predicted. 

 
Figure 55. Case 3: SSL plots 
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Snapshot plots of TSL are plotted for this case for T=0, 2, 4, 7 and 10 years (Figure 55), and demonstrated that the 

maximum TSL was about 0.4 in the Wab Sh and about 0.7 in the McM. Since the maximum TSL was less than 1.0, no 

tensile failure was predicted. 

 
Figure 56. Case 3: TSL plots 
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6.4 Case 6 

Case 6 was based on a quarter of symmetry grid cut from the 3D model.  Temperature results showing the steam 

chamber development after 10 years are shown in Figure 57. 

 
Figure 57. Case 6: Temperature at T=10yrs 
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Case 6 was the scenario used for subsequent 3D simulations.  The temperature profile at T=10 years for sections that 

included each of the well pairs (parallel to the wells) are shown in Figure 58. 

 
Figure 58. Case 6: Temperature at T=10 yrs for Sections J=116, 166, 216 and 266 (parallel to the well pairs) 
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In Figure 59 shows the plan view (IJ section) of the temperature profile at the base of the caprock of Wab Sh at T=10 

years. 

 
Figure 59.Case 6: Temperature at the base of he Wab Sh 
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Figure 60 compares the pressure and temperature at the base of the Wab Sh. Note that during the approximate first 

half of the simulation, pressure was generally slightly higher for Case 6 than for Case 3, but by the end of the 

simulation, the pressure for Case 3 was significantly higher than for Case 6. 

 

 
Figure 60. Case 6 (3D model) compared to Case 3 (2Dx model): Pressure (left) and temperature (right) at the base of the Wab 

Sh. Case 6: solid curves; Case 3: dashed curves. 
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Figure 61 shows snapshots of the SSL through the mid-section of the pad for T=0, 2, 4, 7 and 10 years.  Figure 62 shows 

the plan view (IJ section) of the SSL profile at the base of the caprock of Wab Sh and CW SH at T=10 years. No shear 

failure was predicted. 

. 

Figure 61. Case 6: SSL plots 
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Figure 62. Case 6 SSL at the base of Wab Sh and CW Sh 
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 shows snapshots of the TSL through the mid-section of the pad for T=0, 2, 4, 7 and 10 years. Figure 64 shows the plan 

view (IJ section) of the TSL profile at the base of the caprock of Wab Sh at T=10 years. No tensile failure was predicted. 

 

 
Figure 63.  Case 6: TSL plots 
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Figure 64. Case 6: TSL at the base fo the Wab Sh 
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6.5 Case 7 

Case 7 varies the scenario of Case 6 by simulating the wells parallel to the maximum horizontal stress direction instead 

of parallel to the minimum horizontal stress direction. Simulation results show insignificant difference between these 

two cases although Case 6 generally demonstrated a slightly higher SSL at the base of the Wab Sh than Case 7 (Figure 

65). 

 
Figure 65.  Case 7 (dashed curves) compared to Case 6 (solid curves): SSL at the base of the Wab Sh 
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6.6 Case 9 

Case 9 varies Case 6 by increasing the vertical permeability of the Wab Sh by 10 times. As shown in Figure 66, 

increasing the Kv of the Wab Sh shows a greater increase in pressure at the base of the caprock during the early years 

of the simulation, but this pressure dissipated laterally such that by the end of the 10-year simulation, Case 6 has a 

higher pressure than Case 9 at the base of the Wab Sh. 

 
Figure 66. Case 9: Pressure at the base of the Wab Sh. Left: parallel to wells; Right perpendicular to wells. Case 6: solid curves; 

Case 9: dashed curves. 
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Figure 67 shows the SSL for Case 9. No shear failure was predicted. 

 
Figure 67.  Case 9 SSL at the base of the Wab Sh. Case 9: dashed curves; Case 6: soild curves 
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The maximum surface heave based on Case 9 and Case 6 are shown in Figure 68. The mximum surface heave 

predicted was about 0.27m to 0.28m at the end of the 10-year simulation. 

 
Figure 68. Case 9: vertical displacement and surface heave 
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6.7 Case 10 and 11 

Case 10 and Case 11 was simulated at a higher Pinj. The Pinj of Case 6 was increased by 250 kPa and 500 kPa for these 

two cases, respectively. The SSL and TSL increased marginally for these cases (Figure 70 and Figure 71), but was still 

well within the limits of the caprock.  Greater maximum surface heave was predicted for Case 10 and Case 11, i.e., 

0.34m and 0.38m, respectively (Figure 69 and Figure 72). 

 
Figure 69. Vertical displacement at T=10 years. Cross section to the middle of the pad 
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Figure 70.  Summary of maximum SSL for Case 10 
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Figure 71.  Summary of maximum SSL for Case 11 
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Figure 72. History of maximum surface heave 
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Figure 73.  Surface Heave profile for Case 10 and 11 
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6.8 Discussion 

The caprock integrity analysis completed herein was based primarily on conservative assumptions.  The modeling 

analysis was focused primarily on understanding the risk of shear failure with the designed operating pressures.  

Tensile failure is also monitored.  The shear strength values used in the model were based on the cross-bed direct 

shear peak strength values observed in the lab testing.  These were used as they represent a material that has not 

been previously sheared across bedding planes and represents a shear plane creating a vertical pathway.  Also, they 

were comparable, but slightly less than the triaxial peak shear strength values.  In general, the triaxial test is most 

appropriate to understand the caprock shear strength, but since the DS peak values were comparable, but consistently 

less than the triaxial, those strength values were used for the base case analysis.   

 

The results in general show the design operating pressure of 1671 kPa or even the maximum of 2171 kPa is well within 

the shear strength limit of the Lewis caprock (Wabiskaw).   
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7. Summary and Conclusions 

a) Geomechanical analyses were performed for Suncor’s Lewis project. Initial stresses were calibrated to minifrac 
data for Well 6-27. 

b) Rock mechanical parameters for four zones: two for the CW Sh, one for the Wab Sh and another for the McM 
were calibrated to laboratory test results conducted by EBA.  Test results for both triaxial and direct shear tests 
were performed by EBA.  

c) Two models were setup. One in three dimensions (quarter of element symmetry) and the other in two 
dimensions (half pad).  Both were extended to about 10Km away from the edges of the pad to capture the 
effects of cold rock material in the far field and their impact on bending stresses in the caprock and on surface 
heave. Simulations based on injection pressure of 1671 kPa. 

d) Two orientations of the horizontal stresses were modeled: one with the wells parallel to Shmin; the other 
parallel to Shmax. The model with the wells parallel to Shmin predicted slightly higher SSL in the caprock at 
T=10years. 

e) Based on the proposed Pinj of 1671 kPa and the base case 2Dx model (Case 6), the maximum SSL and the 
maximum TSL at the base of the Wab Sh for 10-year SAGD operation were 0.3 and 0.3 respectively, although the 
maximum TSL in the oil sands was higher at 0.45. Both the maximum SSL and TSL are lower at about 0.3 based 
on the 3D model results. If the MOP was increased by 250 kPa, the maximum SSL and TSL was predicted to be 
0.32 and 0.35, respectively.  If the MOP was increased by 500 kPa, the maximum SSL and TSL was predicted to 
be 0.35 and 0.4, respectively. 

f) Based on the 3D model, the maximum surface heave for the proposed MOP of 1671 kPa at the end of 10years 
was 0.28m. However, if the MOP was increased by 250 kPa and 500 kPa, the maximum surface heave was 
predicted to be 0.34m and 0.38m, respectively. 
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