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EERC DISCLAIMER

LEGAL NOTICE This research report was prepared by the Energy & Environmental
Research Center (EERC), an agency of the University of North Dakota, as an account of work
sponsored by the U.S. Department of Energy (DOE) National Energy Technology Laboratory
(NETL). Because of the research nature of the work performed, neither the EERC nor any of its
employees makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement or recommendation by the
EERC.
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EXECUTIVE SUMMARY

The Plains CO2 Reduction Partnership, led by the Energy & Environmental Research Center,
is working with Denbury Resources Inc. to evaluate the effectiveness of large-scale injection of
carbon dioxide (CO,) into the Bell Creek oil field for simultaneous CO enhanced oil recovery and
long-term CO; storage. Site characterization activities for the Bell Creek Field are currently under
way, including one-dimensional (1-D) and three-dimensional (3-D) geomechanical modeling. The
comprehensive scope of this work includes building multidimensional, static geomechanical
models as well as performing dynamic simulations using site-specific data. Information gained
from this work can be used to assess various potential injection schemes; guide strategies for the
monitoring, verification, and accounting (MVA) of the injected CO>; predict geomechanical
changes to the reservoir as a result of injection activities; better understand performance of the
reservoir for both production and storage; predict potential risk scenarios; and provide insight into
the ultimate fate of injected COa.

A 1-D mechanical earth model (MEM) was constructed based on existing data as well as
field and laboratory data from a monitoring well (05-06 OW) drilled in December 2011.
Preliminary analyses using the 1-D MEM include estimation of predrilling wellbore stability and
stress polygons for determining the faulting regimes within the reservoir.

Key results of this work include the following.

Horizontal Stresses — Caliper logs helped to determine the orientations of horizontal
stresses in the region immediately surrounding the monitoring well. The orientations of the
maximum and minimum horizontal stresses are north—northeast-south—southwest and northwest—
north—southeast—south, respectively. It should be noted that the magnitudes of these stresses in the
region surrounding the well are nearly equal. This is further supported by only slight wellbore
deformations that were observed (the greater the difference in magnitude between these stresses,
the higher the probability for large wellbore deformation and breakouts). The acquisition of
additional data and construction of the 3-D MEM will help approximate these stresses throughout
the rest of the field.

Wellbore Stability Analysis — Based on the current 1-D MEM, created based on data
collected from the monitoring well drilled in December 2011, the safe and stable mud weight
windows were determined. The estimated maximum mud weight is 11.0567 pounds per gallon.
No wellbore breakout will happen within the stable mud window, and this is corroborated by the
fact that no breakouts have been found in the reservoir to date.

iv



Induced Faulting — Preliminary stress polygon computations indicate that potential
breakout through the reservoir as a result of drilling is extremely low.

A 3-D MEM, which incorporates the entire Bell Creek Field, is currently being constructed
and will be completed when additional well logs and seismic data become available. Following
the completion of the 3-D MEM, a comprehensive geomechanical analysis will be performed to
identify, anticipate, and evaluate predrilling wellbore stability, cap rock integrity, the potential for
induced fracturing or faulting, and the potential risk for out-of-zone fluid migration. It will also be
used to match, monitor, and predict the geomechanical response from the reservoir and overlying
formations and at the surface. Additionally, predictive geomechanical simulations will be designed
and performed that will help guide and update the MVA plan, evaluate potential risk scenarios,
and ensure injected CO2 remains stored within the reservoir.
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INTRODUCTION

The Plains CO. Reduction (PCOR) Partnership, led by the Energy & Environmental
Research Center (EERC), is working with Denbury Resources Inc. (Denbury) to determine the
effect of large-scale injection of carbon dioxide (CO>) into a deep clastic reservoir for the purpose
of simultaneous CO, enhanced oil recovery (EOR) and CO: storage at the Bell Creek oil field,
which is owned and operated by Denbury.

A technical team that includes Denbury, the EERC, and others is conducting a variety of
activities to determine baseline reservoir characteristics. Among these activities, geomechanical
modeling is being performed to 1) determine the geomechanical properties of the target injection
formation and key sealing formations in the vicinity of the injection site and 2) simulate the effects
that large-scale injection of CO2> may have on geomechanical properties during injection and
thereafter. This information can be used to assess various potential injection schemes, guide
monitoring strategies, better understand performance of the reservoir, predict potential risk
scenarios, and provide insight into the ultimate fate of injected CO..

This report summarizes the current work that has been done with respect to the
geomechanical modeling for the Bell Creek project, including preliminary results, and outlines
ongoing and future work.

BELL CREEK COMBINED EOR AND CO2 STORAGE PROJECT OVERVIEW

The Bell Creek oil field in southeastern Montana is a significant hydrocarbon accumulation
that lies near the northeastern corner of the Powder River Basin (Figure 1). Exploration and
production activities for mineral and energy resources in the area over the last 55 years have
yielded a significant amount of information about the geology of southeastern Montana and the
northern portion of the Powder River Basin. Decades of oil and gas production through primary
and secondary recovery (waterflood and polymer flood pilot tests) have resulted in approximately
38% recovery of the original oil in place (OOIP) and have left behind millions of barrels of ail,
which is the target of a CO> injection-based tertiary oil recovery project. Fifty million cubic feet
per day (ft3/day) of CO, will be delivered to the site via pipeline from the ConocoPhillips Lost
Cabin Gas Plant (Figure 1).
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Figure 1. Map depicting the location of the Bell Creek oil field in relation to the Powder River
Basin and the pipeline route from the Lost Cabin Gas Plant to the site.

CO. will be injected into the oil-bearing sandstone reservoir in the Lower Cretaceous Muddy
Formation at a depth of approximately 4500 feet (Figure 2). CO: injection will occur in a staged
approach (nine planned CO> development phases) across the field (Figure 3). It is expected that a
miscible flood will be implemented at the Bell Creek Field, with at least 30 million barrels of
incremental oil recovery. The activities at the Bell Creek oil field will inject an estimated
1.1 million tons of CO2 annually, much of which will be permanently stored at the end of the EOR
project.

Denbury will carry out the injection and production operations, while the EERC will provide
support for site characterization, modeling and simulation work, and integrated risk assessment
and aid in the development of the monitoring, verification, and accounting (MVA) plan to address
key technical subsurface risks. The Bell Creek project will be a significant opportunity to develop
a set of cost-effective MVA protocols for large-scale (>1 million tons a year) CO; storage
associated with an EOR operation. The effectiveness of the MV A activities will be at least partially
dependent on developing a thorough understanding of the geomechanical properties of the site. As
a result, geomechanical characterization efforts will be designed to confirm the mechanical
integrity of the system and are considered to be critical elements of the MVVA program.
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Figure 3. Bell Creek project development Phases 1-9 (USGS stands for U.S. Geological Survey.
BEG stands for Bureau of Economic Geology at the University of Texas at Austin).



GEOLOGY OF THE BELL CREEK AREA

The regional stratigraphy consists of, in descending order, the Fort Union Formation, Hell
Creek Formation, Fox Hills Formation, Pierre Formation, Shannon Formation, Niobrara
Formation, Mowry Formation, Muddy Formation, Skull Creek Formation, and Lakota Formation
(Figure 4). There are several other formations below the Lakota Formation, but those are not of
primary interest and are not discussed in this report. Hydrocarbon accumulations are found in the
oil-bearing sandstone reservoir in the Lower Cretaceous Muddy (Newcastle) Formation at a depth
of approximately 4500 feet.

Zone Age Formation(s} Stratigraphic
- Zones
1 *Terliary Fort Union*, <
““Upper Cretaceous Hell Creek**,
Fox Hills** oy
1000
2 Upper Cretaceous Pierre
e
3 Upper Cretaceous Shannon s
4 Upper Cretaccous Niobrara —
3o
5 Upper Cretaceous Mowry
a0
6 Lower Cretaceons Muddy
4000
7 Lower Cretaceous Skull Creek
——
8 Lower Cretaceous Lakota j o

EERC SR/46460 COR

Figure 4. Gamma ray log from Well 25075220910000 in the Phase 1 area. Eight stratigraphic
zones are denoted in descending order.

Within the Bell Creek oil field, the Muddy Formation ranges between 0 and 65 feet thick
and comprises overlapping barrier bar sandstones deposited in a nearshore marine environment.
The prominent, clean sandstones have favorable reservoir properties, with an average porosity of
24% and average permeability of 900 millidarcies (mD) (Table 1). The oil field is located
structurally on a shallow monocline with a 1°-2° dip to the northwest. The barrier bar sand bodies
of the Muddy Formation strike southwest to northeast for a distance of approximately 20 miles
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and are partially dissected and somewhat compartmentalized by intersecting shale-filled incisive
erosional channels.

Stratigraphically, the Muddy Formation in the Bell Creek oil field features an updip facies
change from nearshore marine sandstone to offshore marine shale that serves as a trap for
hydrocarbon accumulation and provides an effective seal for CO: injection. The overlying Upper
Cretaceous Mowry Formation will provide the primary seal, preventing fluid migration to
overlying aquifers and to the surface. Above the Mowry Formation is several thousand feet of low-
permeability shale formations with a few thin layers of siltstone and sandstone (Figure 4) that will
provide redundant layers of protection from upward migration of fluids. The Skull Creek
Formation below the Muddy is also a low-permeability shale formation that will act as a seal.
Thus, with the presence of both upper and lower seals, the injected CO: is expected to remain
contained within the Muddy Formation.

GEOMECHANICAL MODELING
Objectives

Successful development for CO> storage and EOR operations requires a comprehensive
understanding of the geomechanical responses of rock strength, pore pressure, in situ stress, and
elastic properties caused by the injection and production of the reservoir. Drilling through the
formation will cause stress alteration around the borehole and radially into the formation. The
underground geomechanical processes associated with CO; injection are complex, and any
changes in reservoir pressure and temperature can induce stress and strain changes in the reservoir
formations around the injection zone. These changes may result in noticeable changes in
permeability and injectivity and could, in extreme cases, lead to detectable seismic activity. If
reservoir pressure becomes sufficiently high, more substantial, irreversible processes can occur,
e.g., creation of new fractures, deformation of the well assembly, or reactivation of larger faults
within the reservoir in the cap rock or overburden (Figure 5, modified from Rutqvist, 2008). The
geomechanical modeling activities for the Bell Creek project have been designed to anticipate
these changes within the reservoir in order to guide an injection strategy that will mitigate potential
issues. A good estimation of formation elastic properties through geomechanical modeling will
lead to an accurate stress analysis that can guide and inform the MVA plan as well as assist in
assessing risk associated with CO- injection. For such reasons, geomechanical modeling is a
crucial step for a better understanding of the reservoir system in conjunction with CO> storage and
EOR.

Table 1. Key Characteristics of the Target Injection Formation
Formation Depth, ft Thickness, ft Permeability, mD Porosity, %
Muddy 4300-4600 0-65* 425-1175 25-35

* Although there are areas within the Bell Creek Field where the Muddy Formation pinches out to near-zero
thickness, this does not negatively affect its suitability as a target for CO, EOR or storage operations.
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Figure 5. Geomechanical processes in CO2 storage (modified from Rutqvist, 2008).

The objectives of the geomechanical modeling work for the Bell Creek combined CO2 EOR
and storage project include:

e Conducting a series of tests and analyses to determine the stress regime and rock
mechanical properties for the reservoir formations and cap rock, including all of the
overbearing formations to the surface.

e Performing an in-depth review of the structural features in the reservoir area to identify
any existing faults or fractures.

e Predicting the stress variations during and after injection activities in order to verify the
integrity of the cap rock and prevent existing fault reactivation with the desired injectivity.

e Simulating the deformation of the formation rocks to provide more accurate estimation
of reservoir property variations due to geomechanical effects.

e Providing insight and direction for the MVA plan.

e Assisting with future interpretations of monitoring data.



Methods

In order to accomplish the objectives of the Bell Creek project geomechanical modeling, the
work was divided into three main steps (Figure 6 shows steps in workflow format):

1. Data Collection: This step involves acquiring data from existing well logs, seismic data,
and core analysis data.

2. Mechanical Earth Model (MEM) Construction: A static geomechanical model (the
MEM) is constructed based on the available data. The creation of the MEM involved a
staged approach, beginning with a one-dimensional (1-D) model and eventually
progressing to a three-dimensional (3-D) model, with the acquisition of site
characterization data. Figure 7 shows a flowchart outlining the stages of MEM
development.

3. Dynamic Simulation: Coupled simulation using reservoir and geomechanical simulators
is performed to achieve a comprehensive analysis of the reservoir system.

The completion of the 3-D MEM and the third step of performing dynamic geomechanical
simulations constitute the future work outlined later in this report.

Completed Work

Because of the history of oil production in the Bell Creek Field, existing geologic data were
readily available. Data were collected from existing well logs, 2-D seismic data, and laboratory
core testing. In December 2011, a monitoring well (05-06 OW) was drilled in the Bell Creek Field.
This well will be used for the purpose of monitoring the CO. flood of the Muddy Formation as
part of the overall MVVA program for the Bell Creek project. A permanent downhole-monitoring
system was installed in the monitoring well to provide real-time pressure and temperature data.
These pressure and temperature data were used to correlate log data. The drilling of the monitoring
well allowed for the collection of additional data, both laboratory- and field-based. Laboratory-
based activities included subjecting core plug samples to compression tests to determine rock
strength, static and dynamic elastic properties, compressibility, and stress-dependent permeability.
Field-based activities for the monitoring well included log-based analysis of in situ stress
orientation and magnitude as well as rock mechanical properties. The results generated by the
laboratory and field investigations provided the basis for the geomechanical modeling, specifically
the basis for the 1-D and 3-D MEMs. In 2012, a 3-D seismic survey was conducted over an area
of 41 square miles (mi?) of the Bell Creek Field, and the processed data will be available in the
near future for incorporation into the 3-D MEM (see Future Work for a discussion of the 3-D
MEM).
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The following activities based on the geomechanical modeling workflow have been
completed:

e Sets of 1-inch-diameter core samples representing the cap rock and reservoir of the Bell
Creek site were tested for bulk density, acoustic velocity, uniaxial strength, and triaxial
strength. Elastic properties that were measured included confining stress at failure, peak
strength, Young’s modulus, Poisson’s ratio, bulk modulus, and shear modulus.

e Logs from the monitoring well were collected and processed for mechanical properties,
and the data have been incorporated into the geomechanical model.

e Log data were quality-checked and used to build the 1-D MEM along the monitoring well.

e The monitoring well log data, along with available log data from other wells in the field,
were correlated to provide more information for the future fieldwide 3-D MEM
geomechanical model.

Mechancial Earth Model

The MEM is a numerical representation of the state of stress and rock mechanical properties
for a specific stratigraphic section in a field (Plumb and others, 2000). The basic form of the MEM
consists of depth profiles of elastic parameters, rock strength, and stresses. The model can be linked
to a geologic structure through the local stratigraphy and a 3-D seismic cube (Plumb and others,
2000). The MEM can be built in one, two, or three dimensions, which is limited only by the
available data. The 1-D MEM is built along wells in a field that have sufficient data to derive the
rock mechanical properties and stress state.

Earth stresses vary with pore pressure changes during CO> injection activities and thus cause
deformation of the reservoir and surrounding formations. This deformation can lead to wellbore
failure or the reactivation of natural fractures, both of which can be detrimental to drilling and
injection operations. The creation of a 1-D MEM can aid in the understanding of reservoir response
to various stress states which can, in turn, allow for prediction of formation deformations,
permeability variations, and the maximum injection rate and pressure that can be utilized without
damaging the integrity of the reservoir and confining units.

A 1-D MEM has been created for the Muddy Formation and upper confining units in the
Bell Creek oil field to assess the state of stress and reservoir mechanical properties in the area
surrounding the 05-06 OW monitoring well. This analysis will be the basis for future 3-D
geomechanical models.

1-D MEM Development

The development of a 1-D MEM follows a detailed workflow, as shown in Figure 8
(modified from Nagy and others, 2011). First, all available data, including geology, well logs,
seismic, and lab testing, are collected and checked for quality. This step is necessary since the
absence of data can increase the uncertainty in the model. The second step is to determine the
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Figure 8. Detailed workflow for building the 1-D MEM (modified from Nagy and others, 2011).

mechanical stratigraphy for the model. The mechanical stratigraphy is the discrete zones and layers
in the model, which provide information regarding facies and local deformation mechanisms. Once
the mechanical stratigraphy is determined, the model can be populated with the mechanical
properties and stress states of the system, which are derived from calculations and correlations of
the available data. Finally, the 1-D MEM is used to perform a failure analysis for wellbore stability.
This wellbore analysis can be used to instruct drilling operations and estimate the potential for
leakage along the wellbore.

The 1-D MEM for the Bell Creek project was created from the 05-06 OW well logs
(including both open and cased-hole logs), 2-D seismic data, and core rock mechanical properties
obtained from laboratory testing. Logs that were incorporated into the 1-D MEM include GR
(gamma ray), caliper, RHOB (bulk density), Sv (vertical stress), SHvax and SHwmin (maximum and
minimum horizontal stress), pore pressure, mud pressure, fracture initiation press, UCS
(unconfined compressive strength), Poisson’s ratio, Biot’s coefficient, and Young’s modulus. The
log data were then analyzed in Schlumberger’s Techlog and imported into Schlumberger’s Petrel
for the visualization of the 1-D MEM. Log data were correlated to laboratory and reservoir test
results.

The log data were analyzed in Techlog for lithology analysis, pore pressure prediction, in
situ stress analysis, and rock elastic properties. The lithology analysis was based on spectral GR
logs, bulk density, neutron porosity, and sonic logs. The pore pressure prediction was done with
an analysis of the sonic log and corrected using the pressure gauge data from the monitoring well.
The in situ stresses and rock elastic properties were estimated from the sonic and bulk density logs
as well as the empirical relationships between some of the properties. Appendix A contains a
detailed description of the estimation of the rock elastic mechanical properties. The raw log curves
from the monitoring well are displayed in Figure 9, which include GR, SP (spontaneous potential),
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RHOB, DTC (compressive slowness), and DTS (shear slowness). These log curves were used to
obtain the rock mechanical properties and stress states along the well.

Table 2 shows examples of the data that were derived from some of the available processed
logs for the 05-06 OW well.

The goal for the Bell Creek geomechanical modeling efforts was to build a model from the
Lakota Formation (Figure 4) through the Muddy Formation (target injection formation) to the
surface. However the majority of available logs lack data for the depth range of 0 to 1254 ft because
of surface casing interference. As a result, the 1-D MEM was built using the available data and
ranges from depths of 1254 to 4732 ft, i.e., from the Pierre Formation to the Lakota Formation. In
order to determine the vertical stress for the system, it was necessary to integrate bulk density from
the surface to the depth of interest. The lack of data from O to 1254 ft required the extrapolation of
the bulk density log over this range. This was done using an empirical equation (Equation 1, Sayers
and others, 2009). The determined density trend from the monitoring is shown in Figure 10.

p(2) = po + az® [Eq. 1]

In conjunction with log data from the monitoring well, three core samples (47V, 50, and
49V) had triaxial compressive tests performed in April 2012. The results are shown in Tables 3
and 4. The stress—strain relations were analyzed for the three samples by Core Laboratories.
Results appear in Figures 11-13.

Finally, in addition to log data and core testing, 2-D seismic data were available. These data
were used to estimate the magnitude of the maximum horizontal stress and its correlation with the
minimum horizontal stress in the reservoir (Appendix B). The generated P-wave velocity from the
2-D seismic was used to produce the S-wave velocity by Vp-Vs transform crossplots. The P and
S waves were then modified with the velocity log data for the reservoir conditions, and the
magnitude of the maximum horizontal stress was calculated by finding the three shear moduli with
the P and S waves. The results of these calculations indicate that the magnitudes of the maximum
and minimum horizontal stresses are approximately equal in the region around the monitoring
well.

After data collection and verification, the 1-D MEM was constructed between the interval
of 1254 to 4732 ft. The step depth was set to be 0.25 ft. However, because the step depth of the
RHOB log was 0.5 ft, it was necessary to convert it to 0.25 ft in order for it to be used with the
sonic data. This conversion process was done using Excel. The three samples from the core
analysis triaxial test were used as a reference and for verification.
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Figure 9. Raw log curves from the monitoring well.

Table 2. Assorted Logs and Their Corresponding Derived Data

Log Data

Magnetic Resonance Image Log Permeability, clay mineralogy, and porosity
Wave Sonic Travel Time Elastic property stress calculations
X-Tended Range Micro Imager (XRMI™) Wellbore deformation, breakouts, fractures,

and stress determination
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Figure 10. Density trend from the monitoring well.

Table 3. Triaxial Static Young’s Modulus, Poisson’s Ratio, and Compressive Strength

Confining Bulk Compressive Young’s
Sample Depth, Pressure, Density, Strength, Modulus,  Poisson’s
No. ft psi gm/cm?® psi 10° psi Ratio
47V 4495.10 670 2.30 7625 1.10 0.20
50 4496.30 670 2.69 10,125 2.15 0.22
49V 4542.20 670 2.39 3853 0.28 0.20
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Table 4. Acoustic Velocities and Dynamic Moduli at Triaxial Stress Conditions

Confining Axial Acoustic Velocity Young’s Shear
Sample Pressure,  Pressure, Compressional Shear Modulus, Modulus, Poisson’s
No. psi psi ft/sec us/ft  ft/sec s/t X108 psi X106 psi Ratio
47V 670 670 8884 112.56 5326  187.77 2.15 0.88 0.22
670 3670 9213 108.54 5457  183.25 2.27 0.92 0.23
50 670 670 14,238 70.24 8507  117.55 6.42 2.63 0.22
670 5670 14,901 67.11 8650 115.60 6.77 2.72 0.25
49V 670 670 8994 111.18 5512  181.43 2.35 0.98 0.20
670 1670 9433 106.02 5673  176.26 2.52 1.04 0.22
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Figure 11. Stress—strain relationship for Sample 47V.

The first step for constructing the 1-D MEM was to estimate the in situ stress regime along
the monitoring well. A detailed discussion of these estimations is contained in Appendix A. The
vertical stress was calculated using the bulk density log. To calculate pore pressure along the
monitoring well, the Eaton method (Eaton, 1969) was employed to estimate the pore pressure log.
This pore pressure log was then compared with the pore pressure provided by the logging company
that processed the log data and also adjusted using the pressure gauge data for the monitoring well.
The magnitude of the minimum horizontal stress was determined by the elastic properties, v, E,
and a (Biot’s coefficient) by assuming zero strains. Biot’s coefficient is provided by the processed
logs. Normally, the XRMI image log can be used for the estimation of the magnitude of the
maximum horizontal stress. However, no borehole breakouts or induced tensile fractures have
been found in the XRMI image log. Because of the absence of borehole breakouts or induced
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tensile factures, it was not possible to set up the constrain model for estimating the magnitude of
the maximum horizontal stress. Based on the equations for the three shear moduli, the magnitude
of the maximum horizontal stress in several reservoir layers was calculated (Appendix B,
Table B-1). With these data, the tectonic stress was estimated for the Bell Creek Field, and the
equation for hydraulic fracturing stress was used for the estimation of the magnitude of the
maximum horizontal stress. The final rock properties and stress state for the 1-D MEM are shown
in Figure 14.

The final step for the 1-D MEM was to determine the orientations for the horizontal stresses.
Using caliper logs, it was possible to estimate the approximate directions of the horizontal stresses
by observing slight deformations in the wellbore (Figure 15). Figure 16 shows the approximate
orientation of the maximum and minimum horizontal stresses, i.e., north—northeast-south—
southwest and northwest—north—southeast—south, respectively.

With the constructed properties logs, the 1-D MEM data were imported into Petrel within
the framework of the Bell Creek geocellular model. An example can be seen in Figure 17, which
shows the vertical principal stress along the monitoring well.

Results and Discussion

Table 5 shows the average values of the rock mechanical properties calculated from the sonic
and bulk density logs acquired from the 05-06 OW monitoring well, as well as the depth based on
mechanical stratigraphy, of each formation interval. The dynamic properties were calculated using
the methods described in Appendix A, while the static Young’s modulus and the UCS were derived
using accepted correlations from the oil and gas industry. Although an estimate for Poisson’s ratio
was made, the correlation between static and dynamic Poisson’s ratio is not straightforward.

Equation 2 shows a simplified correlation between the static and dynamic Poisson’s ratio:
Vstq = Clvgyn + C2 [Eq. 2]

where C1 and C2 are constants that can be determined using triaxial test results with
measured velocities. The static Poisson’s ratio is very dependent on the values of these constants,
particularly C1. Additionally, C1 and C2 can vary dramatically from test to test, even for the same
type of rock. Typical industry models set C2 as 0, and C1 varies from 0.7 to 1.2.

For the 05-06 OW monitoring well, a value of 1.24 for C1 was assumed by the logging
company. However, following discussion with the company, it was concluded that a C1 value of
1.24 may be too high, resulting in a poor estimate for the static Poisson’s ratio of the first sealing
formation—the Mowry Shale. Based on available literature (Crain 2013a,b; Gale and others 2007),
the value of the static Poisson’s ratio for shale is typically 0.1-0.45, with most U.S. shale
formations between 0.2-0.4. For the 1-D MEM, the correlated constants from the triaxial test
results of the Muddy Formation were used for C1 and C2 (0.714 for C1 and 0.044 for C2). These
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Figure 14. Properties of the 1-D MEM of the monitoring well.

values for C1 and C2 resulted in a range of 0.25 to 0.35 for the static Poisson’s ratio (Table 5).
The static Poisson’s ratio calculated with C1 values of 1.0 and 1.24 (C2=0) are also shown in Table
5 for comparison.

It should be noted that values of C1 and C2 used for the 1-D MEM (i.e., 0.714 and 0.044
respectively) were derived from triaxial tests of the Springen Ranch and Rozet intervals of the
Muddy Formation. The values for the static Poisson’s ratio for the other formations shown in
Table 5 are meant to be approximations only. The actual static Poisson’s ratio for these formations
should be substantiated by geomechanical tests on representative core samples.
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Figure 17. Vertical principal stress along the monitoring well (05-06 OW).

The constructed 1-D MEM was used to predict the wellbore stability in each formation along
the wellbore. A safe and stable mud weight window, which is important for safe drilling, is located
in the mud pressure range between the pore pressure and the minimum horizontal stress. If the
mud pressure is less than the formation pore pressure, the drilling fluid will enter into the kick
zone. If the mud pressure is greater than the minimum horizontal stress, the drilling activity will
initiate induced fractures, causing mud loss in the well (Afasari and others, 2010). The mechanical
stable mud window is located in the mud pressure range between minimum mud weight, i.e., shear
failure or breakout mud weight, and maximum mud weight, i.e., tensile failure or breakdown mud
weight. The equations for the lower and upper limits of mud weight are shown as follows (Afasari
and others, 2010):

Poug = 30y — 0y, — P, — UCS [Eq. 2]
Prya <30, —oy — B, + T [Eq. 3]

where Pmud is hydrostatic mud pressure, T is the tensile strength of the rocks, B, is pore

pressure, gy IS maximum horizontal stress, o; is minimum horizontal stress, and UCS is
unconfined compressive strength. For this analysis, tensile strength (T) was set to 0 psi to follow
a “worst-case scenario” approach.
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Table 5. Average Dynamic and Static Rock Mechanical Properties Derived for Each
Formation

Young’s Modulus,

Depth, GPa Poisson’s Ratio, v UCS,
Formation ft Dynamic | Static Dynamic | Static* Static** psia
Pierre 1254.0-1849.5 3.91 0.56 0.43 0.35 0.50 3575
Eagle 1849.5-2048.0 5.79 1.34 0.42 0.35 0.50 3948
Shannon 2048.0-2105.0 9.55 2.90 0.38 0.32 0.48 4694
Gammon 2105.0-2901.0 8.77 2.58 0.39 0.32 0.48 4540
Niobrara 2901.0-3012.0 8.60 2.50 0.38 0.32 0.47 4505
Carlile 3012.0-3278.0 11.47 3.70 0.37 0.31 0.46 5075
Turner Sand 3278.0-3377.0 13.82 4.67 0.36 0.30 0.44 5541
Pool Creek 3377.0-3489.5 9.22 2.76 0.39 0.33 0.49 4629
Greenhorn 3489.5-3650.5 10.35 3.23 0.38 0.31 0.47 4853
Bell Fourche 3650.5-4297.5 10.47 3.28 0.38 0.31 0.47 4878
Mowry 4297.5-4475.5 12.43 4.09 0.34 0.29 0.42 5265
Shell Creek 4475.5-4490.0 10.42 3.26 0.37 0.31 0.45 4866
Springen Ranch 4490.0-4497.0 9.30 2.80 0.37 0.31 0.46 4645
CcpP 4497.0-4507.5 16.18 5.65 0.34 0.29 0.42 6009
BC Sand 4507.5-4538.0 19.72 7.12 0.30 0.26 0.37 6713
Rozet 4538.0-4550.5 14.90 5.12 0.35 0.29 0.43 5756
Skull Creek 4550.5-4716.0 7.83 2.19 0.41 0.34 0.51 4354

Notes:

Dynamic Poisson’s ratio = static Poisson’s ratio when C1=1 and C2=0
Static* = C1=0.714 and C2=0.044

Static** = C1=1.24 and C2=0

The 1-D MEM for the monitoring well was used to calculate the safe and stable mud weight
window, which can be used as a guide for future drilling activities in the Bell Creek oil field. The
gauge-modified pore pressure was used as the minimum safe mud weight, and the minimum
horizontal stress was used as the maximum safe mud weight. For the breakout mud weight
(Pmud_lower) pressure, the results from Equation 2 were always less than 0, indicating that no
breakout will happen at any mud weight condition. The Pmya from Equation 3 was used as the
maximum stable mud weight (Pmud_upper in Figure 18).

In order to avoid fracturing or formation breakdown, the maximum mud weight should be
lower than the smaller value (either the maximum safe mud weight or the maximum stable mud
weight). In the 1-D MEM, the maximum mud weight was estimated as less than the minimum
horizontal stress or calculated from the following equation:

Prud max = 7 (0, — aB,) + aP, [Eq. 4]

To estimate the maximum mud weight as a guide for future drilling activities, the pressure
gradient, in situ stress gradients, average Poisson’s ratio, and average Biot’s coefficient were
calculated from the 1-D MEM. The estimated maximum mud weight in pounds per gallon (ppg)
is 11.0567 (Table 6). Two points should be noted: 1) there are no safety factors included in this
value and 2) this value was estimated using average values based on limited data from only one
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Figure 18. Wellbore stability analysis for the monitoring well based on the 1-D MEM.

Table 6. Pressure Gradient and Maximum Mud Weight

Average
Pore Pressure Vertical Stress Average Biot’s Maximum Mud
Gradient, psi/ft ~ Gradient, psi/ft Poisson’s Ratio  Coefficient Weight, ppg
0.345 1.010 0.267 0.944 11.0567*

* This value is based on a numerical analysis for one well. The actual mud weight for any new well drilled in
the Bell Creek Field should be determined through drilling operations.
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monitoring well. To provide more relevant fieldwide support for future drilling activities,
additional data from leakoff tests, experimental data, and seismic data should be used to populate
the fieldwide 3-D MEM.

In addition to the prediction for wellbore stability, the 1-D MEM was used to determine the
faulting regime in the reservoir. The stress polygon at initial reservoir conditions and recent
reservoir conditions was constructed to determine the faulting regime of natural fractures in the
reservoir (Figures 19 and 20). At the initial reservoir stress conditions, stress polygon computation
shows the potential for breakout through the reservoir section is extremely low (Figure 19). This
is corroborated by the fact that no faulting has been identified in the reservoir to date.

While the results from the 1-D MEM analyses can provide some approximations to help
guide future drilling, it is highly recommended that more data be collected and incorporated into
the 3-D MEM in order to gain a more accurate understanding of the site-specific geomechanical

factors that could affect drilling and well planning in the Bell Creek Field, e.g., changes in stress,
strain, pressure, permeability, and porosity resulting from the injection of CO..
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Figure 19. Stress polygon at initial reservoir conditions.
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Current and Future Work
3-D MEM Development

A 3-D MEM is currently being created for the Muddy Formation, including the upper and
lower sealing formations, in order to assess the state of stress and reservoir mechanical properties
present within the boundaries of the study area. The creation of a 3-D MEM will aid in the
understanding of reservoir response to various stress states, which will make possible the
prediction of formation deformation, permeability variation, and the maximum injection rate and
pressure that can be utilized without compromising the integrity of the reservoir and confining
units.

The 3-D MEM will be created based on the 1-D MEM, with the addition of 3-D seismic data,
log data available throughout the field, newly acquired pulsed-neutron logs for wells in and around
the Phase 1 zone, and core analysis. The 3-D MEM will contain a combination of stress states,
geologic structure, seismic inversion-derived lithofacies, and reservoir elastic properties. The 3-D
MEM can be used to monitor and predict dynamic changes throughout the field to assess and
compare reservoir response to injection activities and monitoring data.

In addition to expanding the 1-D MEM into three dimensions, the 3-D MEM will be built to
represent the entire Bell Creek Field. Once completed, this fieldwide 3-D MEM will be used as
the initial condition for the geomechanical simulation model. The dynamic simulation of the rock
mechanical properties and reservoir conditions will provide more accurate support for the
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prediction of wellbore instability, fault reactivation, and potential leakage of CO during the
injection and storage process.

At the time of this writing, some work has been done on the fieldwide 3-D MEM. The
structural framework of the geomechanical model was created by picking formation tops from the
spontaneous potential and resistivity logs. Tops were picked from below the Muddy Formation,
including the lower sealing formation, to the surface for wells inside and around the Bell Creek
Field area. A total of 19 different zones, or 20 formation and member tops, were identified. The
base of the model is the top of the Lakota Formation and extends upward to the ground surface.

Structural tops for formations overlying the reservoir were imported from the Bell Creek
Petra database. Structural tops in the database included the Pierre, Shannon, Niobrara, Carlile,
Mowry, Shell Creek, Springen Ranch, Muddy, Rozet, and Skull Creek. However, wells that had
the SP and resistivity logs did not always have the tops for the above formations recognized. As a
result, a well by well quality check was performed to ensure structural control of the model. This
approach also allowed for the adjustment or creation of well tops that had been misplaced or
unpicked.

Lithologically, most of the rock overlying the Bell Creek reservoir consists of Cretaceous
shale. This can create difficulty when trying to differentiate formation tops when using only two
logs as a reference. A limited amount of resources are available to help identify the different
formations above the reservoir in Powder River and Carter Counties, Montana.

Fox (1993) identified formation tops from the SP and resistivity logs for Cretaceous-aged
rocks commonly found in the Powder River Basin. Cross sections A-A’ and B-B’ from Fox (1993)
extend through Powder River and Carter Counties and were utilized as a template to help identify
structural tops for the geomechanical model. Additional tops added to the model that were not
identified in the Petra database include the Turner Sandy Member and Pool Creek Member of the
Carlile Formation, both identified by Fox (1993).

As shown in Figure 21, formation tops have been identified from signatures given by the SP
and amplified short normal resistivity (ASN) logs from the surface to the base of the reservoir.
After the tops were picked for each available well, structural surfaces were created and
incorporated into a 3-D model in Petrel. The identification of the different formations and members
helps identify geomechanical properties that are unique to each zone.

Currently, work is being done to correlate the rock mechanical data for the available wells
in the Bell Creek oil field. The rock mechanical properties and stress states along those wells will
be determined through the process of correlations and log synthetics. In addition, 3-D seismic data,
which cover an area of 41 mi?, will be available soon. A seismic inversion workflow will populate
the 3-D MEM away from the wellbore.
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Figure 21. Well section window displaying structural tops, and 3-D cube displaying different
geologic zones of the Bell Creek Field area.

The following approach will be used for data correlation and seismic inversion for the
construction of the 3-D MEM:

e Proper correlations between the logs and the rock mechanical properties between wells
will be researched to estimate the values of those properties and the in situ stress regimes
of other wells.

e Correlations between the modeled stress regimes and rock mechanical properties for the
05-06 OW monitoring well and available logs will be carefully examined. Then, using
the correlations, the properties for other wells in the Bell Creek Field will be estimated.

e Since the available log curves are different for each well, a synthetic process may be
needed to create some logs for the correlations. In Techlog, this process was started using
the module K.mod, which allows the user to model quantitative variables from one to
several training data set(s). The module is based on the multilayer perceptron technology,
a nonlinear regression statistical method (Figure 22).

e The 3-D seismic AVO (amplitude verse offset) inversion with well calibration will be
performed with the 3-D seismic data. The seismic data will help estimate geomechanical
properties away from the wellbore. The seismic inversion process will be performed using
either Petrel or Hampson—Russell software packages. Methods in Petrel include genetic
inversion using a stochastic seismic inversion plug-in and Earthworks seismic inversion
plug-in. Multiple approaches may be used to compare results and the effectiveness of the
various methods.
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The construction of the 3-D MEM will be finished in Petrel using the same frame as the
geocellular model for the Bell Creek oil field. After well logs are correlated and the seismic
AVO inversion process is completed, the estimated state of stress and rock mechanical properties
will be extended into the entire field and beyond. All estimated property distributions will
eventually be imported into Petrel and incorporated into the 3-D MEM. This static 3-D MEM wiill
contain the reservoir, underburden, sideburden, and overburden to the surface.

Reservoir Geomechanical Simulation

When CO: is injected into the reservoir formation, it will affect the pressure and temperature
and may change the stress and strain states in the formation. Those changes could then affect the
porosity and permeability in the reservoir. The stress state is a coupled process between the
reservoir properties and the mechanical rock properties and can affect not only the reservoir
formations, but also the cap rock and all the formations to the surface. As a result, geomechanical
simulation work will be performed following the completion of the fieldwide 3-D MEM. The goal
of reservoir geomechanical simulation is to predict the COz injection response to better guide
monitoring efforts, predict the stress and strain variations in the reservoir formations and the cap
rocks, and estimate the leakage potential for COa.

The current plan is to use FLAC3D™ as the geomechanical simulator, coupled with

TOUGH2 or GEM (Computer Modelling Group Ltd.) as the reservoir simulator. Figure 23 shows
the coupled simulation process using FLAC3D and TOUGH?2.
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The simulation process will begin with the static 3-D MEM together with the reservoir
properties in the 3-D geocellular model. The model will be imported from Petrel into the TOUGH2
reservoir simulator. Initial injection conditions, updated pressure of liquid and gas, and liquid
saturation will be used to calculate reservoir pore pressure in a coupling module from TOUGH2
to FLAC3D. The updated reservoir pressure will be imported into the geomechanical simulator
FLAC3D to predict the new state of stress and strain in the reservoir.

The updated porosity, permeability, and capillary pressure values can then be calculated in
a coupled module of FLAC3D to TOUGH2 using the updated stress and strain information from
FLAC3D. New porosity, permeability, and capillary pressure will be updated into the TOUGH2
reservoir simulator. This completes a single-time-step loop. A detailed workflow for the simulation
work is being developed. The coupling module between FLAC3D and TOUGH2 is under
construction in parallel with development of the 3-D MEM. Testing of the reservoir simulator
TOUGH2 and the geomechanical simulator FLAC3D is being done. Another option for the
coupled reservoir geomechanical simulation is GEM-FLAC3D. The simulation process would be
similar to TOUGH2-FLAC3D, shown in Figure 23.

Conclusions

This report encompasses the completed, current, and future work with respect to
geomechanical modeling efforts for the Bell Creek combined CO, EOR and CO; storage project.
As an important supplement to the geocellular model, the 1-D MEM was built using Techlog and
Petrel based on the data from the monitoring well (05-06 OW). Available data from the monitoring
well were audited and processed, including log data and core-testing data. These data, along with
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2-D seismic data, were used to construct the 1-D MEM model. The mechanical stratigraphy was
constructed with the main lithology and facies from the reservoir formations to the ground surface.
Rock mechanical properties and stress states along the monitoring well were estimated with the
processed data from 1254 to 4732 ft. Above this interval, bulk density and vertical stress were
estimated. These can be updated as additional data become available.

The fieldwide 3-D MEM is currently being constructed using the 1-D MEM and will be
completed when additional log data and the 3-D seismic data become available. It is anticipated
that the fieldwide 3-D MEM will be adjusted and incorporated with the new version of the
geocellular model to better fit site-specific characteristics and evolving project needs. Furthermore,
the geomechanical simulation work will be carried out once the 3-D MEM is completed.

Some preliminary results from analyses using the 1-D MEM include the predrilling wellbore
stability and the stress polygons for determining the faulting regimes in the reservoir. Further
analyses of injection safety and the potential for fluid leakage will be done as more information
becomes available and after construction of the 3-D MEM.

KEY FINDINGS AND RECOMMENDATIONS
Key findings include the following:

e 1-D MEM - Rock mechanical properties and stress states along the monitoring well
were estimated.

e Triaxial testing on core samples — Results were used to verify the calculated results
from the 1-D MEM for the Muddy Formation; however, because no data were obtained
above the Muddy, these results could not be used to correlate the static and dynamic rock
mechanical properties for these formations.

e Horizontal stresses — Caliper logs helped determine the orientations of horizontal
stresses. The orientation of the maximum horizontal stress and the minimum horizontal
stress are north—northeast-south-southwest and northwest-north—southeast—south,
respectively. It should also be noted that the magnitudes of the minimum and maximum
horizontal stresses in the region surrounding the monitoring well (05-06 OW) are nearly
equal. This is further supported by only slight wellbore deformations that were observed
(Figure 15) (the greater the difference in magnitude between these stresses, the higher
the probability for large wellbore deformation and breakouts). The acquisition of
additional data and construction of the 3-D MEM will help approximate these stresses
throughout the rest of the field.

e Wellbore stability analysis — Based on the current 1-D MEM, the safe and stable mud
weight windows were determined. The estimated maximum mud weight is 11.0567 PPG.
No wellbore breakout will happen within the stable mud window, and this is
corroborated by the fact that no breakouts have been found in the reservoir to date.
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e Induced faulting — Preliminary stress polygon computations indicate that potential
breakout through the reservoir as a result of drilling is extremely low.

Recommendations include the following:

e For more accurate core-to-log correlations, extra uniaxial and triaxial stress—strain
measurements are highly recommended on core plugs.

e A whole-core high-definition computed tomography (CT) scan is recommended for
deriving more information related to natural fractures in the reservoir.

e Minifracturing or leakoff testing is recommended for a more accurate estimation of the
horizontal stress and tensile strength of the formation rocks.

It is highly recommended to use and update both the 1-D and 3-D MEMs during the drilling
of new wells in the field and as new data and simulation results become available. These models
will be used to provide insight into the site-specific geomechanical changes associated with stress,
strain, pressure, permeability, and porosity resulting from the injection of CO»; predict potential
leakage; constrain the injection pressure; optimize the injection plan; simulate the movement of
CO:z in the subsurface; and predict potential induced seismic events. An accurate understanding of
these issues will help support decision making.
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APPROACHES FOR DATA INTERPRETATION AND MODELING ACTIVITIES

The following approaches were used for data interpretation and modeling activities.

Rock elastic mechanical properties were estimated using the sonic velocity log data from the
05-06 OW monitoring well.

Young’s Modulus (E): The dynamic Young’s modulus of rock is given by the following
equation:

RHOB V23V, 2 —4 V5?)
Edyn = (sz_‘z;sz) [Eq. 1]

in which, RHOB is the bulk density, V, is the compressional elastic waves, and Vs is the shear
elastic waves.

The static Young’s Modulus was converted from the dynamic Young’s modulus by
empirical or experimental equations, for example, the generally used Wang correlation (unit in
GPa) for soft rocks (Wang, 2000; Sayers et al., 2009):

Esrq = 0.4145E,,, — 1.0593 [Eq. 2]

In this work, a correlation between the static and dynamic Young’s modulus was also done
with the results from triaxial tests to estimate the static Young’s modulus. Results can be compared
to determine the better method for the Bell Creek Field.

Unconfined Compressive Strength (UCS): The Plumb empirical correlation was used for the
estimation of UCS (unit in MPa, note that Es. is in GPa) based on dipole sonic data (Bradford and
others, 1998):

UCS = 2.280 + 4.1089 Eg, [Eq. 3]

A correlation between the static Young’s modulus and UCS was also done with the results
from triaxial tests to estimate the UCS.

Poisson’s Ratio (v): The estimation of the dynamic Poisson’s ratio is given by the following
equation:

(Vp2-2V5?)

The static Poisson’s ratio was converted from the dynamic Poisson’s ratio available from
the 05-06 OW dipole sonic log through the correlation (Afsari and others, 2010):

Vsta = 0.7Vgyn [Eq. 5]
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In this project, with the results from the triaxial tests, another correlation was given for the
static and dynamic Poisson’s ratio.

Friction Angle (2): Values of 35° and 25° were used for carbonate-dominant and shale-
dominant zones, respectively (Afsari and others, 2010).

Lithology Analysis was based on spectral gamma ray, bulk density, neutron porosity, capture
spectroscopy, and DTCO (compressional wave transit time, V;) logs to determine the dominant
lithology, i.e., sandstone or shale.

In Situ Stress Analysis

Both the magnitude and direction of the in situ stresses should be estimated before
construction of the 1-D mechanical earth model (MEM). The following techniques were used for
determining the parameters.

Vertical Stress (ov): The magnitude of vertical stress in Well 05-06 OW was computed by
integrating formation density (RHOB log) through the overburden (Zoback and others, 2003).

oy =, p(2)gdz [Eq. 6]

Pore Pressure can be predicted by a modular formation dynamics tester, DTCO, and/or
resistivity logs. The Eaton method was used for the estimation of pore pressure (Eaton, 1969). A
pore pressure log is available from the 05-06 OW monitoring well and was used to verify the pore
pressure prediction results. The pressure gauge data from the monitoring well were also used for
the modification of pore pressure:

Py =0y = (0y — Pyn) (V_p>3 [Eq. 7]

Vpn

in which, Py is the normal hydrostatic pressure, and Vpn, which is the normal trend of Vp,
can be found through constructing the proper trend line for V, (as shown in Figure A-1 for the V,
from the monitoring well).

Then the verified log for oy was utilized to calculate the minimum horizontal stress.

Minimum Horizontal Stress (on): The magnitude of the minimum horizontal stress can be
determined by the elastic properties, v, E, and o (Biot’s coefficient) equation (Afsari and others,
2010):

v Estq V Estq
9 =15 (0, — aB,) + ap, + 1—p2 81, min ¥ 75 €H, max [Eq. 8]

in which Esta is the static Young’s modulus, en, min 1S the minimum horizontal strain, and en,
max IS the maximum horizontal strain. In this case, the strains were considered negligible because
of their relatively small values.
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Figure A-1. Normal trend of the velocity log for monitoring well.

Maximum Horizontal Stress (on): The magnitude of the maximum horizontal stress cannot
be measured or computed directly. A constrain modeling technique (Moos and Zoback, 1990;
Zoback and others, 2003) can be used to constrain the maximum horizontal stress with key
mechanical parameters (including vertical stress, minimum horizontal stress, Young’s modulus,
Poisson’s ratio, Biot’s coefficient, local fault type, induced fracture, or wellbore breakout
direction). The Mohr—Coulomb failure criterion can then be utilized to adjust the maximum
horizontal stress so that the model can reproduce the failure observed in specific failure intervals.
XRMI log data can be used for failure criterion to constrain the magnitude and direction of the
maximum horizontal stress. The borehole failure on image logs could be used to determine the
direction of horizontal stresses.

The constrain models used for the estimation of the magnitude of maximum horizontal stress
were summarized by Soroush (2010) respective to different available data. Those methods include
constrain models using tensile fractures, using borehole breakouts, or using wellbore and rock
strength (Soroush, 2010).

Besides the constrain model for the estimation of the magnitude of the maximum horizontal
stress, other methods include the following:

1. From hydraulic fracturing analysis:

oy = ﬁ(av - C(Pp) + aPp + Otect [Eq 9]
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in which, the otect IS the tectonic stress contribution.
2. From in situ stress configuration:

_ (on—aPp)

Oy =————0p+ 2aP, [Eq. 10]

3. From three shear moduli (Sinha and others, 2006):

oy = o + (CSSA—‘EC‘”) [Eq. 11]
Cas = % [Eq. 12]

Css = DTZ [Eq. 13]

Cos = (1/DTt2u:;—uld/DTT$lud) [Eq. 14]
Ap = % [Eq. 15]

in which Ca4 is fast dipole shear moduli, Css is slow dipole shear moduli, Ae is an acousto-
elastic parameter, and Ceg is Stoneley-derived horizontal shear modulus (Buffin and others, 2008).

These methods can be tested for maximum horizontal stress with more data available. The
MEM can be updated with more data and accurate methods.

To use Equations 1-5 for the estimation of rock mechanical properties, the sonic logs were
converted to velocity logs. All of these logs were finally converted into the same unit system as
the bulk density log. After data preparation, the mechanical properties of the rocks were then
calculated using Equations 1-5. Among those equations, Equations 2, 3, and 5 are empirical
correlations between variables. Correlations were made based on the core analysis results from the
triaxial tests.

Figure A-2 shows the correlation between the static and dynamic Young’s modulus (Sample
49V was neglected intentionally for the Young’s modulus correlation because of its especially low

static value). From the trend line on the figure, a linear correlation between static and dynamic
Young’s modulus was determined:

Estq = 0.2396E 4y, + 3.9464 [Eq. 16]

For the estimation of the UCS: the Plumb empirical correlation can only be accurate for the

sandstone. The static Young’s modulus from the triaxial test results was correlated with UCS
(Figure A-3). The correlation can be expressed as follows:

UCS = 0.0033E,,, + 0.0228 [Eq. 17]
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The correlation between the static Poisson’s ratio and the dynamic Poisson’s ratio was also
done using the results from the triaxial tests. The linear correlation is shown in Figure A-4, and
the empirical correlation can be expressed as follows:

Vsta = 0.714204y,, + 0.0443 [Eq. 18]

The linear correlations shown in Equations 16-18 and Figures A-2—A-4 indicate a possible
relationship between static and dynamic Poisson’s ratio. It would be beneficial to have two or three
more triaxial test results on each lithology facies, because the correlation of two properties could
be different for different lithologies. These linear correlations were used as reference log curves in
the 1-D MEM.
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METHOD TO GENERATE P-WAVE VELOCITY DATA

A useful method to generate P-wave velocity data was applied by resistivity—velocity
transforms (Figure B-1). Based on the fact that resistivity data such as deep induction log are
available in most of the wells from surface to reservoir depth, it can be used to generate sonic logs
from the surface. It is very important to first validate results in wells with available sonic data.
Different available transforms in the literature have been applied to the monitoring well to check
for the best results in our analysis.

Shear wave (S-wave) velocity is also needed to estimate Poisson’s ratio and Young’s
modulus in each well. Many methods exist to estimate S-wave velocity, and each method can be
used depending on data availability. One method uses crossplots with P-wave data to find a general
relationship. Figures B-1 to B-3 represent the P—S wave relationship in the monitoring well of the
reservoir section (Bell Creek sand) from the sonic log.

Two different methods exist to find the most reliable transform between P—S waves:
1) Using monitoring well P- and S-wave velocity log data (Figure B-2).

2) Lab measurements: P- and S-wave velocity can be measured on core plug samples, and
the transforms can be generated and applied in general.

To find the best correlation in the above steps, generating the best regression between the
data, analysis of variance test and regression analysis are performed to choose the governing
factors in each correlation.

With the modified P and S waves for the reservoir conditions (Figure B-3), the adjusted
stress states for the reservoir formations were calculated as shown in Table B-1.
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Table B-1. Adjusted Stress State for the Reservoir Formations
Depth SigmV, psi PP, psi PR SHmin, psi SHmax, psi
CP 4502.50 5387.60 1046.83 0.33 3225.69 3402.45
BC10 4513.00 5087.38 1049.27 0.33 3024.73 3173.70
BC20 4523.50 5253.28 1051.72 0.28 2680.80 2761.01
BC30 4534.50 5147.00 1054.27 0.27 2547.36 2681.92
Rozet 4542.00 5604.14 1056.02 0.34 3361.61 3423.33
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