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Abstract

A reliable estimation of in situ streesientation and magnitude necessarfor determining

wellbore stability in the oil and gas industry, or assessing excavation stability for mining and civil
engineering projects. Methods of stress estimation in deep borehole investigegiperserally

limited to the use of hydulic methodsor borehole imagingechniqueswhich identify borehole
breakouts and/or borehole deformation. Howetrer collection of data in a thrust regime, or in
horizontally laminated ground, can be difficult and lead to unreliable results. Moydw/back
analysis of stress magnitude from both hydraulic methods and borehole imeghapsare

sensitive to estimates of strength and elastic properties around the borehole.

This research has shown that the magnitude of the axial stress reldbigestresses
normal to the borehole axis contributes to the magnitude and distribution of maximum deviatoric
stress experienced around an advancing borehole. Furthermore, an analysis of the stress path
incorporating the complete stress tensor showishileamaximum deviatoric stress does not
always correlate with the typical solutions for induced stresses around a circular excavation.

As a result of the limitations and uncertainties associated with traditional stress
estimation methods, an integrateghagach to determining the stress conditions at a given site
using numerical models to simulate the loading history has been evaluatedimArisional
finite element model of the Paleozoic sedimentary sequence of the eastern edge of the Michigan
basin hashown that a systematic incorporation of the geological and stress history can
approximate a given stress profile. Numerical models are also applied for estimating the
magnitude of glacially induced stress change in the upper crust for the purposaatiresgt
long-term stress evolution. The framework and methodology used for numerical stress
reconstruction and evolution can be included at the site characterization and engineering design
stages for various types of projects, including deep geologisitepes, where estimates of in

situ stress and future stress change are important.
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Chapter 1

| ntroducti on

1.11In Situ Stress Estimation Challenges

In situ stress magnitude and orientation represent important engineering parameters required to
accurately ealuate the short and losigrm behavior of an underground excavation. This

includes determining borehole stability in the oil and gas industry, or evaluating excavation
stability for mining and civil engineering projects. However, despite their signdecas an
engineering design input, in situ stresses are often not well defined, partially due to the
inadequate amount of stress information collected, and partially as a result of the uncertainty
associated with the collected measurements.

There are nugrous stress estimation techniques available; however, limitations
associated with the various methods, particularly in deep borehole investigations, means that
defining in situ stresses with some degree of confidence remains difficult. Even in a rockmass
that can be described as isotropic and linear elastic the uncertainty with respect to the orientation
and magnitude of the principal stresses can réoge10-25% (Amadei and Stephansson, 1997).
This uncertainty is amplifieth anisotropic rockmasses:, in heavily fractured material.

In addition to the uncertainty due to rockmass conditions, there are inherent limitations to
several of the traditional stress estimation techniques. For example, overcoring and other stress
relief methods are typicallyusted for use in shallow, dry boreholescause data loggers require a
connection to surface and strain gauges need to be bonded on the borehole wall. Hydraulic
methods and borehole deformation/breakout methods are widely accepted to be the most suitable

techniques in deeper, water filled boreholes; however, assumptions with respect to the
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geomechanical properties of the borehole wall inevitably result in uncertainty in the back
analyzed stress magnitudes. A successful stress characterization progradefground
engineering projects requires an understanding of the various stress estimation techniques,
including their limitations and unique challenges.

In particularly challenging environments, where the reliability of hydraulic methods
and/or borehd deformation is questionable, numerical stress reconstruction presents an
alternative method of indirectly estimating stress conditions for a given geological environment.
Ideally, an integrated approach, where various methods of stress estimatiamogrerated with
estimation of stress from numerical models, will provide a comprehensive final rock stress model

for a given site.

1.2 Excavation Induced Stress and Engineering Design

The redistribution of the in situ stresses in a rockmass following theatiama of a volume of
material is referred to as excavation induced stress, onpostg stresseslin civil and mining
applicatiors, excavatiorinduced stresses can result in overstressed conditions when the tangential
stress is greater than the rodkesgth, or tension can develop which has potential to open
existing fractures and mobilize blocks (Amadei and Stephansson, 1997). Furthermore, the
distribution of induced compressive and tensile stresses may alter the permeability of the rock
surroundingan excavation by effectively closing or opening fractures adjacent to an excavation,
which has implications for groundwater flow and contaminant transport

The postmining distribution of stresses around an excavation will influence the physical
design ¢imensions and orientation), as well as the ground support measures required to safely
construct the underground structure. Consider the simple example of stresses distributed around a

circular excavation, as illustrated in Figurd .1 In this case theidghest posexcavation stress
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will be located adjacent to the borehole wall ati@@rees relative to the orientation of the

maximum far field principal stress;.

04

(] !

Figure 1- 1. Schematic illustration of the stress distribution around a circular excavation
relative to the orientation of the maximum in situ stress; ;. The shaded portion represents

the predicted zone of maximum stres concentration.

The distribution of the zone of maximum stress concentration is well defined if the ratio
of stresses is significantly greater than one and where there is confidence in the orientation of the
maximum stress component. Conversely, incageere there is uncertainty with respect to the
maximum stress direction, or when the ratio is close to unity, there is less confidence in the
location of the zones of maximum induced stress concentration.

Estimation of in situ stress conditions is catifor characterizing a rockmass and
establishing probable failure mechanisms. As FigtRelltlistrates, stress conditions control the
type of failure expected around an excavation; stress induced failure where stress conditions are
relatively high, verss structurally controlled, gravity driven failure under low confinement

conditions. Adequate estimation of the in situ stress magnitude and orientation, especially for
3



stress induced failure, is one of the parameters contributing to a comprehensieeramgin

design of an underground structure.

Characterization of rock mass — rock mass classification
and identification of potential failure modes

V l

Structurally controlled, gravity driven failures Stress induced, gravity assisted failures
Evaluation of kinematically possible Determination of in situ stress field in
failure modes surrounding rock
Assignment of shear strength to Assignment of rock mass properties
potential failure surfaces \l/
\[’ Analysis of overstress zones around
Calculation of FS or risk of potential excavations
failure \l/
\L Non-linear support-interaction analysis
Determination of support requirements to design support

Design, installation and monitoring of
support

Figure 1- 2. Steps in the design of support systems for underground excavations (modified
from Hoek et al., 1995).

1.3 Deep Geologic Repositories for Longerm Waste Storage

The longterm disposal of radioactive waste associated mattiear powegeneration, as well as
waste generated from historical research and development activities, has been one of the

fundamental concerns surrounding the use and acceptance of nuclear poweha§d lhesn
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significant interest and research from several countries in recent decades in developing a long
term strategy for waste storage. It is generally accepted that emplacement of the waste products
deep beneath the ground in a repository, referrad eodeep geologic repository (DGR), is the
optimal solution to ensure the safe storage of such waste. These repositories are expected to
remain safe for perpetuity, but for practical purposes a 1 million year (Ma) lifespan is generally
required to satfy the safety case for a given DGR project.

In order to determine the suitability of a DGR site, the following aspects need to be
considered as part of a comprehensive siting program:

1 Geology (including geological history and evolution);
1 Geomechanics; and

1 HydrogeologyGeochemistry

While the focus of this thesis is primarily concerned with in situ stress conditions;
incorporating the geological history and evolution of a specific site is critical to understanding the
development of present day in situ stresnditions. Furthermore, over the course of a DGR
lifespan, understanding of the in situ stress evolution due tetéwngclimatic influences such as

glaciation is necessary to evaluate the geomechanical response at depth around a repository.

1.4 Radioactive Waste in Canada and the Proposed Deep Geologic Repository

As of December 2010, Canada had over 9,006frhigh-level nuclear waste (fuel waste) in

addition to the greater than 2 millior’ of low- and intermediatéevel radioactive waste

(L&ILRW) (LLRWMO, 2012). Currently higtevel waste is housed in wet storage facilities
adjacent to the reactors, which is then moved to dry storage canisters in above ground structures
such as the Western Waste Management Facility (WWMF), where it remains with thie\W/&|

until a permanent solution for lostgrm disposal is found (Figure3).
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Figure 1- 3: Dry storage containers at the WWMF, located at the Bruce nuclear site (a.);
and aerial view of the WWMF (b.) (CNSC, 2008)Note the cass in the parking lot on the
right for scale.

In Canada, th&luclear Fuel Waste A¢2002) governs the loagrm management of
radioactive waste and the Nuclear Waste Management Organization (NWMO) was established to
determine the best approach to manageeative waste created as afipduct of electricity
generation. In 2004, Ontario Power Generation and NWMO commissioned a report by the Rock
Water Interaction Institute of Geological Sciences, Switzerland to investigate the suitability of the
Paleozoicsedimentary rocks of southern Ontario to host a DGR for & intermediatéevel
radioactive waste (L&ILRW). This study provided multiple lines of reasoning and concluded
that the Ordovician shales and limestones in southern Ontario would provitkbéesu
environment for the lonterm storage of radioactive waste (Mazurek, 2004). Following this
study, a geoscientific site characterization plan (GSCP) was implemented to define the
geological, hydrogeological and geomechanical properties of the Baléerrock (Intera, 2006;

2008). At the present time, results of the site characterization activities are being reviewed by the



Canadian Nuclear Safety Commission (CNSC) and, with approval of the appropriate
documentation, the CNSC will grant a liceneethe construction of a DGR to host L&ILRW.

The proposed DGR for L&ILRW is located at the Bruce nuclear site, in Tiverton, Ontario
(Figure 14). Site investigation activities for the DGR project, which commenced in 2006 and
continued to 2011, includedilling of six deep boreholes (DGR thru DGR6) surrounding the

proposed repository location.

- Bruce Nuclear Site -
A Tiverton, ON
Ottawa
Ontario
Lake Huron /
@
Michigan Toronto
ake ontario
|
Detrol New York
etrol 5
P~ Lo\teeﬂe
\Clevgland

Figure 1- 4: Location of the Bruce Power nuclear plant, site of the proposed Deep Geologic

Repository (modified from Google Maps, 202).

15Summary of Site Characterization Investigdg
Project
The DGR site investigation program consisted of an extensive core sampling and testing program,

which included sample collection for petrographic and geochemical amglgsewater
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chemistry analysis and geomechanical testing. While results of the site investigation program
have been used in this thesis, specifics of the testing program are beyond the scope of this work.
Additional details can be found in the DescriptiGeosphere Site Model (Intera, 2011) and the
Geosynthesis report (NWMO, 2011).

The following sections briefly summarize the testing methodology and results of three
components of the site investigation program; geomechanical testing, in situ stres8astim
and future climate change. These aspects of the program have contributed to the development of

the research presented in this thesis.

1.5.1Geomechanical Testing

Estimates of geomechanical parameters are based on the results of core samples catlected fro
boreholes DGR thru DGR6 that have undergone field and laboratory testing to determine their
physical properties. Laboratory testing, including uniaxial and triaxial compression tests, direct
shear tests and lofigrm strength degradation tests, wenenpleted by CANMET Mining and
Mineral Sciences Laboratories in Ottawa for a suite of samples collected fror2IBR DGR

6 (Intera, 2011; NWMO, 2011). Results of the laboratory testing forms the basis for assigning
geomechanical properties in numerigaidels of southern Ontario and are presented throughout

this thesis.

1.5.2Stress Estimation

The in situ stress estimation program has largely consisted of summarizing regional stress data.
Unlike the Precambrian regions of northern Ontario, where stresmation at depth is widely
available from mining operations in the regiémwjéng and Herget, 199/in situ stress

measurements in the Paleozoic rocks of southern Ontario is limited. As a result, regional data



from units of similar lithology and/or deptias been used to infer the anticipated stress
conditions at the Bruce site (NWMO, 2011).

In conjunction with regional stress information, borehole imaging techniques have been
used to estimate the upper and lower bounds of horizontal in situ stress ihése@losence of
borehole breakouts in DGRthru DGR4 (Valley & Maloney, 2010). The methodology, as well
as assumptions and limitations with the borehole breakout method are detailed in Chapters 3

and4.

1.5.3Future Climate Change Modelling

A review of hisbrical climate change, with emphasis on the glacial events occurring during the
Late Quaternary period, was completed in order to estimate the potential foedlongimate

change and the associated impacts on a deep geological repository project 2Baltie

Specifically, the models estimate the timing, extent, and conditions at the onset of future
glaciations. These results are then used to predict the increase in normal stress applied at depth
and potential for melt water to infiltrate the sulfaoe (Avis and Walsh, 2011).

For the purposes of this thesis, the results of the climate change modelling, especially the
estimated thickness and extent of future glacial events, are used to constrain the boundary
conditions used for numerically modellittge impact of glacially induced stresses at depth.

Chapter 6 and 7 summarize the boundary conditions at the onset of glaciation and present the
results of the numerical modelling of future stress evolution, respectivélije the focus of

Pel t i etn(201d) isrpenmudlyrthe Paleozoic rocks of southern Ontario, these chapters
provide a baseline for investigating stress transfer at depth that can be used for future studies

related to deep geologic repository projects in glaciated terrain, regardigssiajical setting.



1.6 Thesis Objectives and Scope

The primary objective of this thesis is to review the challenges in determining in situ stresses
during deep borehole investigations, and to explore the use of numerical modeling tools as a
method of estimatg in situ stress conditions, both current and future. Due to the interest in
Canada, as well as other countries, in the-mngn storage of radioactive waste products, this
thesis emphasizes the challenges associated with stress estimation in geelogatal
environments that are capable of hosting deep geologic repositories. Furthermore, DGR projects
for the purpose of nuclear waste storage are unique in that they require an engineering solution
for 1 million years, compared to typical mining @vil engineering projects that are designed
with a lifespan of tens to hundreds of years.

Southern Ontario was used as a backdrop for several sections of this thesis due to the
large amount of publically available data from recent geoscientific sitetigatsn activities
relating to the proposed DGR. The framework for incorporating a set of geological conditions
and loading history in order to estimate current stress conditions is not unique and could be
applied to various sites of interest for a DG#hg program. In addition, the boundary
conditions and methodology used to numerically estimate in situ stress evolution due to ice sheet
advance could be incorporated into estimates of thetkmng stress behavior for locations

anticipating glaciation.
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In order to meet the objectives outlined above, the scope of the thesis includes the

following:

1) A review of traditional methods of stress estimation and their limitations in
various ground conditions.

2) Establishing a framework for incorporating gegittal and stress history into a
numerical model and numerical stress estimation of southern Ontario using
finite-element modeling (FEM) tools.

3) Providing an assessment of boundary conditions at the onset and during

glaciation in order to estimate the stressponse at depth and future stress

evolution.

1.7 Thesis Outline

This thesis has been prepared in accordance with the requirements outlined by the School of
Graduate Studies at Queenbds University, Ki ngst
asoutlined below.

Chapter 1 identifies some of the challenges associated with in situ stress measurement
and describes the importance of in situ stress data collection in the overall scheme of engineering
design. Chapter 1 also provides some context éordbearch in terms of evaluating the long
term stress evolution for a potential DGR project.

Chapter 2 presents relevant background information, covering in situ stress concepts,
mechanisms that generate in situ stress, as well as a discussion onrieererggimplications of
adequate assessment of stress conditions.

A detailed review of traditional in situ stress measurement methods, with an emphasis on
techniques used in deep borehole investigations is provided in Chapter 3. This includes an
overviewof the assumptions and limitations associated with each method, as well as an

assessment of their use in various ground conditions.
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Chapter 4 provides more detail on some of the limitations associated with borehole
imaging methods. Specifically, thisagter evaluates the stress path and deviatoric stress
conditions around a borehole to determine the potential distribution of stress related damage and
comparison to the traditional interpretation and in situ stress back analysis from borehole
breakouts.

Chapter 5 provides a methodology for incorporating the geological history into a
numerical model to estimate the present day in situ stress conditions. The chapter focuses on the
loading history and stress development of the Paleozoic sequence in sQuitazio.

A review of glacier dynamics is provided in Chapter 6. Particular emphasis is placed on
the conditions at the ieged interface, and how these conditions may influence the stress
conditions at depth due to ice sheet advance. Relevant boundditians required for
numerical modelling are assessed and summarized.

Results of numerical modeling of the glacially induced stresses at depth are presented in
Chapter 7. This section includes an evaluation of theteng stress evolution at a potexti
repository horizon.

Chapter 8 provides a summary of the key findings, as well as recommendations for future

work.
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Chapter 2

Background and Revi ew

2.1 Stress Concepts and Nomenclature

Stress is a tensor, which is defined by a magnitude and orientation, as welpksththat the

stress is acting upon. The complete state of stress indimeasions can be characterized by

nine components; three normal components(and si x shear components |
Figure 21. However, because of matrix symmetmly three shear components are required,

therefore six unique components can resolve the stress tensor (FRjure 2

Oy ———» A o O

Oxx Ty Tz _Xy = —yX
Tyx Oyy Tyz xz = -z
-['-ZX -['-Z 022 =

Y where,  -YZ -2y

Figure 2-2: Matrix expression of the 3D stress tensor.
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The principal stress components represent normal stresses oriented such that all shear
stresses are zero. These three gahal stress components are assigned, and” ;to

represent the maximum, intermediate and minor principal stresses, respectively.

22Stress Regime and Andersonds Faulting The

Anderson (1951) defined stress regimes basetleretative magnitudes of the vertieald
horizontal stressdn terms ofmaximum, intermediate and minimum stresses. In practice, it is
generally assumed that the vertical strégsis one of the principal stress directions. In this
scenario, the other principal stresses are located in the horizontal plane: m&dnwontal
stress ,,0 and mini mum horizontal stress, U

When the maximum principal stress is oriented in the vertical directidn () the
region is considered to be in a normal faulting regime. Conversely, when the vertical stress is the
minimumprincipal stress' ' ), which occurs when the stress field is compressive, then a
reverse faulting regime dominates. In the intermediate stress state, wherestrike-slip
regime occurs. A comparison between the various stress states asdmginae faulting

regimes is illustrated in Figure2
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Figure 2-3: Schematic illustration of the relationship between faulting regime and principal
stress magnitudes based leoy@ardmadadgand 6s (1951)

Stephansson, 1997).

2.3 Sources of In Situ Stress

The observed in situ stress conditions within a rockmass are a combination of all stress
generating mechanisms that have acted through its geological history. This includes
phenomenothat influence the largscale, continental stress field such as plate tectonic forces; as
well as, regional scale features such as variations in density and/or flexural stresses associated
with sediment loading and glaciation; and lastly, local stressrgéng mechanisms such as

topography andtructure Zoback, 1992Ferjerskov and Lindholm, 20(.
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Table 2-1: Summary of stress generating mechanisms (from Ferjerskov and Lindholm,
2000)

Stress Field Continental Regional Local
Lateral Extent > 1000 km 1007 1000 km < 100 km
Stress 9 Plate tectonic forceq { Largescale density f Topography: fjords
generating ridge push, slab pull inhomogeneities: and mountain range
mechanisms basal drag continental margin
fGeological Featureg
1 Flexural stresses: faults, hard and sof
deglaciation, sediment inclusions
loading

1 Wide topographical loadj

In general terms, the stresses in the rockmass are a function of both the in situ stresses
and the induced stresses (Figuré)2 The in situ stresses, or virgin stresses, represent the
stresses that exist within the rockmass due to gravitational, tectonic, residual and/or terrestrial
influences. Induced stresses, also referred to asninstg stresses, are the stress conditithat
exist within a rockmass that has been perturbed by excavation, fluid injection or withdrawal,

applied loads and/or swelling conditions.
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ROCK STRESS

\
| |

In Situ Stresses Induced Stresses
* Gravitational « Excavation/Drilling
* Tectonic * Fluid injection
* Residual * Applied load
* Terrestrial * Swelling

Figure 2-4: Factors contributing to rock stress (modified fromAmadei and Stephansson,
1997).

2.3.1Gravitational Stresses

The rock stress component induced by gravity, i.e. the weight of material above a given point, is
referred to as the gravitational, or lithostatic stress. This contribution of the in situ stress
comporent affects the regional and local stress field. In the absence of large scale topographical
relief, the vertical stress,, is one of the principal stresses and its magnitude can be estimated as

a function of the thickness of overlying material (i.e. the depth, z) by the following equation:

&

1 0"HHO [2-1]

Where:" = average density of the overg material (kg/rf)
g = gravitational constant (9.81 kd 81)
z = depth (m)

17



Based on an average rock density of 2600 Kdjfe vertical stress component at a given
site can be estimated by a lithostatic stress gradient of approximately 0.026 MiPaases with
large topographical relief (i.e. adjacent to a mountain range or valley), assumptions with respect
to vertical stress magnitude and orientation are not valid at shallow depth. As illustrated via the
simple model shown in Figure3a, in theabsence of regional stress, the direction of the
maximum principal stressy, is oriented vertically at some distance from the mountain; however,
adjacent to the topographical highis rotated in the direction of the high. At depth, the
direction of" ; is approximately vertical, regardless of the location relative to the topographical
feature and the relationship between the vertical stress component and depth is a valid
approximation. Similarly, a topographical low (Figur&l® will cause the prinpal stress to

rotate adjacent to and beneath the valley.
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Figure 2-5: Finite element model (Rocscience, 2011) showing thisttibution of stress

trajectories under gravitational loadingbasedon a(a) large topographical loadand (b) a

valley.
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2.3.1.1Glacially Induced Stresses

In regions that have undergone recent glaciation, the effect of loading and subsequent unloading
due to large ice sheets will have influenced the current in situ stress @osdih Canada, for
example, it has been estimated that at the peak of the last glaciation (approximately 24,000 to
14,000 years ago), ice sheets of up to 3 km covered southern Ontarice(l2yk8002; Peltier,
2011).
From Equation 2, and based on average ice density of 900 kg/(Menzies, 1996), a
3 km thick ice sheet exerts an induced vertical stress component of approximately 27 MPa.
When the applied load is removed upon deglaciation, a portion of the induced horizontal stresses
can be storechithe rock. In southern Ontario, very high horizontal stress ratios near surface
have, in some case8apsoapbked bAFB)Ng or Apop
A complete analysis of the sources of glacially induced stresses and the resultant

geomechanical changes at depte presented in Chapters 6 and 7, respectively.

2.3.2Plate Motion and Tectonic Stress

Tectonic stress, resulting from movement and collision of lithospheric plates, strongly influences
the horizontal in situ stress component. Zoback et al. (1989) haaddvildd tectonic forces

into broad scale tectonic forces and local tectonic forces (Figbye 2
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Figure 2-6: Schematic illustration of the sources of tectonic stress (Zobaek al., 1989)

Broad scale teonic forces are the primary influence on the regional scale direction of the
maximum horizontal stress. The strong influence of tectonic forces on the horizontal stress
component is clearly illustrated by the trends in maximum horizontal stress, whitthsaly

aligned with plate trajectories and absolute plate motion direction, as presented in Higure 2
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Figure 2-7: Stress map of North America andvestern Europe, showing maximum
hor i zont @)lfor Aand Begsiadity data from the World Stress Map database
(Heidbach et al., 2008). Red dashed lines represent plate motion trajectories (Zoback et al.,

1989) and arrows represent absolute plate motion dirtion (Angus and Gordon, 1991).

2.3.3Residual Stress

Residual stresses also contribute to the in situ stress conditions; however, they are considered to
be a minor component of the overall stress state (Stephansson and Zang, 2012). Residual stresses
are broaty referred to as in situ stresses that exist within a rockmass even after the original

source of stress generation has been removed (Zang and Stephansson, 2010). This could include
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stresses generated at the grain scale during formatiornygtallization or cementation. In

general, these stresses would be overprinted by subsequent burial and loading, or compression
resulting from broagcale tectonic events. Based on work at the underground research laboratory
in Manitoba, researchers concluded thatdeal stresses were insignificant relative to the total

stresses at depth (Cuisiat and Haimson, 1992).

2.3.4Terrestrial Stress

Terrestrial stresses include the induced stress effect from diurnal and seasonal variations in
temperature, Moon pull and CoriolisrEe (Zang and Stephansson, 2010). Similar to residual
stresses, this component is considered insignificant, especially at depth, and is not considered in

the numerical stress analysis component of this thesis.

2.4 Relationship between Vertical Loading andHorizontal Stress

Horizontal stresses are induced by vertioalingwhere the rock is continuous and laterally
confined. The relationships between vertical load and induced horizontalstésie a useful
first approximatiorof thelower bound magnituglof horizontal stress. A review by Amadei and
Stephansson (1997) of an extensive database of horizontal in situ stress measurements found that
they are typically higher than predicted by gravitational moaetsch is expected based on a
combination of ifst-order tectonics stresses acting on the rockmass, as well as other factors such
as historical loading due to glaciation and/or erosion of overlying material that may have
imparted an additional horizontal stress companent

The following sections brigfldescribe the various relationships that can be used to
estimate the horizontally induced stress component resulting from vertical loading in an isotropic

rockmass and in an anisotropic material.
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2.4.1lIsotropic Rockmass

In a continuous, homogeneous, isotoogind linearly elastic material, the lower bound magnitude

of horizontal stress can be estimated by the Poisson effect, also referred to as the isotropic

solution (Amadei and Stephansson, 1997). Under gravitational loading, this relationship between
vertic a | and horizontal stress takes into account

ratioy, through the following relationship:

- — [2-2]

This model provides a simplistic interpretation of induced horizshtasses, and is
generally accepted to only provide an estimate of the lower bound horizontal stress because
tectonic forces are not considered (Sheorey, 1994).

Sheorey (1994) provided an alternative model for the distribution of horizontal stresses
with depth that is based on the spherical shell model of the earth and incorporates the variation of
elastic constants, density and geothermal gradient. At relatively shallow depth, the horizontal

stresses can be estimated using the properties ofthétopessl of t he eart hés crus

— T™®u X %Binp) [2-3]

Where: E = Youngds modul us
z = depth (m)

As illustrated in Figure -8, the Skaey model correlates well with the upper and lower

bound estimates of stress ratio engailly determined by Brown and Hoek (1980). The isotropic
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solution provides a linear estimate of horizontal to vertical stress predicted that underestimates

the empirical data near surface, but provides a reasonable approximation to the lower boundary at

depth (>500 mbgs).
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Figure 2-8: Comparison of the various models for horizontal to vertical stress ratiovith
depth. Dashed lines represent upper and lower bound based on empirical data (after Hoek

and Brown, 1980).

2.4.2 Anisotropic and Transversely Isotropic Rockmasses

In reality, most rocks exhibit some degree of anisotropy; where strength, deformation and
hydraulic properties are directionally dependent. Sedimentary rocks are often characterized by
anisotropt behavior due to bedding/layering, while metamorphic rocks may have

foliation/schistosity that contributes to their anisotropy, as seen in Figluredh the regional

25



scale, sedimentary basins consisting of alternating shale and limestone formatiahalsambke

considered anisotropic based on differences in physical properties of the formations.

SO

Limestone outcrop southwest of Ottawa

= 4

Gneiss outcrop located north of Kingston
Figure 2-9: Examples of rock units that will behave anisotropically due to their inherent
structure: bedding (limestone) and foliation (gneiss). Lines represent the orientation of the

plane of transverse isotropy.

For practical purposes, the analysistoésses within anisotropic rock units with one
dominant layer can be simplified due to symmetry along that plane, referred to as the plane of
transverse isotropy (Amadei and Stephansson, 1997). In a horizontally laminated, stratified
rockmass, such as andeformed sedimentary basin, the plane of anisotropy is the horizontal

direction. As such, the following relationship applies for each stratum (Amadei et al, 1988):

. %
— 0@ o [2-4]
%eep U
Where: E, E® = Youngbés moduli in the plane

plane of transverse isotropy, respectively.

vwé& Poissonbdés ratio in the plane of

plane @ transverse isotropy, respectively.
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Based on a series of laboratory tests completed on sedimentary units in southern Ontario,
the degree of anisotropy with respect to elastic modulus, ranges from strongly anisotropic
(E/E6~ 2) in the shale formations teeakly anisotropic (E/&~ 1) in the limestone units (Lo and
Hori, 1979). In general, the degree of anisotropy within a formation decreases with increasing
confinement (Amadei, 1996). Therefore, the samples collected at shallow depth (less than 30
metresbelow ground surface) represent an upper bound on the elastic anisotropic behavior

expected from the units.

2.51n Situ Stress Determination

Methods for determining stress conditions have been summarized in the following series of five
International SocietyfdRock Mechanics (ISRM) Suggested Methods for rock stress estimation:

Part 1: Strategy for rock stress estimation (Hudson et al., 2003)
Part 2: Overcoring methods (Sjoberg et al., 2003)

Part 3: Hydraulic fracturing (HF) and/or hydraulic testing ofgxeting fractures
(Haimson and Cornet, 2003)

Part 4: Quality control of rock stress estimation (Christiansson and Hudson, 2003)

Part 5: Establishing a model for the in situ stress at a given site (Stephansson and Zang,
2012)

The most recent ISRM Suggested Mmt (Stephansson and Zang, 2012) represents an
updated version of Part 1, and provides a strategy for incorporating the geology and tectonic
setting, stress indicators, and stress estimates collected in situ into a comprehensive site model,

which they refeto as the Final Rock Stress Model (FRSM), as illustrated in Figlife 2
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Figure 2-10: Schematic illustration showing the stages of a comprehensive in situ stress

estimation program and implementation intoa final rock stress model (Zang and

Stephansson, 2010).
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Overall, the assessment and determination of in situ stresses can broadly be divided into
three major components: 1) stress estimation, conducted at the early stages of a project, generally
prior tosite investigation activities; 2) in situ stress measurement, which includes the collection
of stress information directly from the site by various methods; and 3) numerical stress
estimation and/or reconstruction, which incorporates in situ geomechdatagincluding
rockmass properties, structural features, and stress measurements) and the geological history to

numerically reconstruct a site in order to best predict the regional scale in situ stress conditions.

2.5.1Stress Estimation

At the preliminary stge ofageotechnical site investigation programestimaion of the

potential in situ stress conditions will assist in planning an appropriate site investigation and in
situ stress measurement prografithe World Stress MafWSM) project is an online toohat

provides a means of quickly accessing a large database of in situ stress measurements collected
around the worldHeidbach et al., 2008)Although a somewhat crude interpretation of in situ

stress conditions, this dataset provides an adequate ipaljnnterpretation of stress magnitude

and orientationas illustrated in Figure-21.
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Figure 2-11: World Stress Map image of North America (Heidbach et al., 2008)

Data compiled in the WSM project is céfted according to the type of stress indicator
(earthquake focal mechanisms, borehole breakouts, in situ measurements and observations of
young geological features). While the data is also given a quality ranking based on the perceived
accuracy of theata, caution must be exercised when relying on data extracted from the WSM

because of the assumptions and limitations associated with each method.

2.5.2Stress Measurement and Stress Indicators

In situ stress measurement refers to the techniques that can the detfimine stress conditions
through some kind of physical measurement collected in situ, where stress magnitude and
orientation can be back analyzed using knowledge of physical properties of the rockmass. While

not a MAmeasur e me nthedechmifuearetbasedomeasirersestqf &rain, s e
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deformation or water pressunich are then used to back calculate the undisturbed far field
stress conditionsOther, more indirect methods of estimating stfem® borehole investigations
includethe use of borehole imaging methods, such as the ofsiesieweror acoustic

televiewer. These methods can be used to identify zones of borehole breakout, indicating

overstressed conditions along the borehole wall and/or deformation.

2.5.3Numerical StressReconstruction

Numerical models represent a potential tool for assessing in situ stress conditions for sites where
limited direct stress estimates are available or wbengplexgeology makes stress interpretation
difficult. In order to accurately deteme stress conditions, sufficient information regarding the
geomechanical properties of the rockmass must be known, and by incorporating the geological
history of the site a numerical reconstruction of the stress evolution can be completed.

The techniquesationale and results olumerical stress estimation southern Onterio
presented ilChapters. An assessment of the stress evolution resulting from glaciation is

summarized in Chapter 7.
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Chapter 3

Il n Situ Stress Estimation in Deep

3.1 Stress Measurement in Boreholes

An understanding of magnituded orientation of the principal stresses is important atdHg
stages of mining and underground civil engineering proje&tshe preliminary stage of a
geotechnical site investigation, whétrés likely that no underground access exists, the collection
of precise, site specific in situ stress data is challenging and limited to methods that can be used in
boreholes drilled from surface.

The most commonly implemented stress measurementidgeelsrused in boreholes
include overcoring methods ahgidraulic methods In general, overcoring methods can only be
used in shallow, dry boreholes; therefore, to obtain a stress estimate from depth an overcoring
measurement must be collected from antaxgsunderground excavation. Conversely, hydraulic
methods are well suited to collecting stress measurements in deep, water filled boreholes and are
widely used in the oil and gas industry to estimate stress conditions at depth. Borehole imaging
methodswhich include the analysis of borehole deformation anudoehole breakost
represent an indirect method of stress estimation, which is commonly used to determine stresses
in deep boreholes. To provide a best estimate dftthes conditionst is generally
recommended tha combination oftress estimation techniques be usetbttectdataat various

depths(Hudson et al., 2003).

3.2 0vercoring Methods

The doorstopper gauge (Leeman, 1969), the United States Bureau of Mines (USBM) gauge
(Hooker and Bikel, 1974)and soft inclusion cells are three types of instruments commonly used

32



for overcoring measurements. The doorstopper and USBM gauges can be used to derive the
stresses acting on the plane perpendicular to the borehole axis, while soft inadlisisnch as
the CSIRO cell use multiple strain gauges at different orientations to determinditherional
strain tensor at a given location. All three of these instruments have been widely used in industry,
particularly in mining operations, totemate stresses. However, they are only suitable for use in
boreholes to a maximum depth of approximately 50 m (Ljunggren et al., 2003). The deep
doorstopper gauge system (DDGS) and the Borre probe have been developed in order to
overcome depth limitatits associated with traditional overcoring methods, and have been used
with some success in Canada and Sweden, respectively.

The basic premise of all overcoring methods is that rock core is relieved of in situ stresses
proportional to its elastic propertiaden drilled and the method of collecting strain or
deformation measurement using overcoring is similar for each instrument. First, a recording
device is bonded to the rock, either to the bottom of the hole, or along the borehole wall in the
pilot hole. A larger diameter bit is then advanced past the measuring device, effectively relieving
the stress acting on that section of the rock. Strains are measured before and after overcoring, and
based on the elastic properPioissonfoést tatn gk (Y
stress conditions can be back calculatgjdiferg et al., 2003)Figure 31 illustrates the general

sequence for the collection of overcoring measurements.

33



Doorstopper/DDGS USBM/Triaxial Strain Cell

— Borehole
Borehole —
- Pilot hole
Doorstopper —
| USBM gauge /triaxial strain
cell
Overcored section — M———--—— Overcored section

Figure 3-1: Comparison between collection of doorstopper gauge measurements and

USBM/triaxial strain cell measurements.

3.2.1USBM Gauge

The United States Bureau of Mines (USBM) deformation gauge method uses cantilever sensors
mounted on the sides of a pilot hole to measureitdraater changes resulting from overcoring.

By reapplying a stress, similar to that anticipated down hole, to the overcore in a biaxial
compression chamber and using the thigitled cylinder formula, the elastic properties of the
sample can be determinelnowing the elastic modulus of the rock, measured displacements

can be related to the in situ stress conditions.
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The USBM gauge can be used in water filled boreholes, is reliable, and can be reused,
making it one of the most robust and commonly usexsstmeasurement instruments. However,
limitations of the USBM gauge include lack of data logging capability, and its use at depth, which
is limited to relatively shallow depths (BD m). Similar to other overcoring methods using a
pilot hole, the techique relies on an intact overcore; therefore in bedded, heavily fractured rock,
or rock prone to disking collection of reliable measurements may be problematic. Furthermore,
in order to determine the complete stress tensor (i.e. the 3D stress staté)ausiB8M gauge,
three orthogonal boreholes are required. This makes the use of the gauge relatively expensive
and time consuming compared to methods which determine the 3D stress conditions in one

borehole (Martin and Christiansson, 1991).

3.2.2Doorstopper Gauge

The doorstopper gauge method is@iensional stress measurement method, which involves
gluing a rosette of strain gauges to a flattened borehole bottom and then overcoring (Leeman,
1969). At the time of development, the gauge was primarily intetodeéetermine two unknown
principal stress magnitudes where one of the principal stresses is known or can be assumed with
some confidence. An example of this scenario would be at depth, where the vertical stress would
be assumed to be a principal stresd eould be estimated by the mass of rock above, and the
remaining stresses would be acting in the horizontal direction (Leeman, 1969).

The doorstopper is suited for use in shallow boreholes (less that 60 m) with a flat bottom.
Since glue is required talhere the strain gauges to the rock, a dry borehole is ideal, however
some glues are available to reduce this limitation (Amadei and StephanssonSir@&/each

test is able to resolve the stresses in a plane perpendicular to the borehole axishegdeast
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separate tests would have to be conducted at different orientations to determine the complete
stress tensor.

However, compared to other methods, stress estimation using the doorstopper is
relatively quick and two to three tests can be completederday (Ljunggreret al, 2003). In
addition, the doorstopper gauge does not require a long overcore length or a pilot hole, therefore
the likelihood of a successful measurement in fractured rock or highly stressed rock prone to

disking is greater.

3.2.3Triaxial Strain Cells

The CSIRO triaxial strain cell is a common type of triaxial strain cell used to measure the 3
dimensional state of stress in a borehole. The cell is comprised of 12 strain gauges; built in as
three strain gauge rosettes mounted alongitteeof the probe at 12@part. The gauges are

glued to the sidewall of the pilot hole and overcored, measuring strain resulting from the stress
relief of overcoring (Fairhurst, 2003). Like the USBM gauge, a biaxial chamber is then used to
test the elstic properties of the rock for back analysis of the stress state.

The major advantage of this type of strain cell is that tDes®ess tensor can be
theoretically determined from a single measurement location with some redundancy (12 strain
measuremestfor six unknowns). In practical terms, it is less expensive and more reliable to find
the complete stress tensor in one borehole than it is to complete several 2D measurements at
different orientations. In addition, the overcoring diameter is smaber that required for the
USBM gauge, therefore smaller drilling equipment is required, which is advantageous in an
underground environment.

The relatively shallow operating depth of the CSIRO cell is a limiting factor; the
instruments are normally usébs than 50 m from the excavation surface, (Ljunggtext,
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2003). In addition, the long overcore length required (approximately 40 cm) may be unattainable

in weak, bedding, or highly stressed ground.

3.2.4Deep Doorstopper Gauge System and Borre Probe

In order to overcome depth limitations associated with traditional overcoring techniques, Atomic
Energy of Canada Ltd. (AECL) and tBevedish State Power Board (SSPBye developed the
deep doorstopper gauge (DDGS) &uire probe respectively.The deep doastoppergauge
systemwas developed by AECL for use in deepdimies in highly stressed rock (Thompson and
Chandler, 1994) The principal of the tool is the same for the doorstogpage in that a rosette
of strain gauges is attached to the bottomftdteened borehole to measure the biaxial stress
conditions in a plane perpendicular to the borehole axis.

There are some significant differences, which allonDB$5Sto collect measurements
in deep, water filled boreholeg=irstly,a remote data loggés used, which prevents logistical
limitations caused by having a cable connected to the doorstopper gauge from surface. Secondly,
the adhesive does not contact water until the moment of installation and is formulated for use in
water. Ard lastly, armorientation system is included in tteol to allow it to be used in angled
boreholes. The DDGS was designed to be operational at depths of up to 1000 m below ground
surface, and successful measurements have been reported at depths up {ig&wiggrenetal.,
2003)

The Borre Probe is currently the only 3D overcoring instrument that can be used in deep,
water filled boreholegSjoberg and Klasson, 2003%imilar to the CSIR cell, the Borre probe is
a soft inclusion triaxial cell which is glued to thellha a pilot hole and requires an intact

overcored length of approximately-80 cm.
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The Borre probe has been used for over 25 years, and has been used for a variety of
projects including nuclear waste disposal, hydropower, mining, and undergroune gimjagts
(Sjoberg and Klasson, 2003Yhe most significant advantage of the Borre prelveilar to that
of the DDGSis that it can be used in deep, water filled boreholes. The probe has been used at
depths of 620 m and has been tested to 1®@QJunggrenet al, 2003) It is worth noting that,
although a potentially viable method for overcoring at depth, measurements from both the DDGS
and the Borre probe will experience the same inherent error as the traditional overcoring methods
in terms of rheolgical behavior of the rock mass and limitations in terms of highly stressed or

laminated rock.

3.3 Hydraulic Methods

Hydraulicmethods, which include hydraulic fracturing or hydraulic testing oepirsting

fractures, is a commonly used technique to estiinegéu stress conditions in deep, wdfited
boreholes. lis a relatively efficient means of determining the biaxial stress conditions (usually in
the horizontal direction) and is suitable for use in the early stages of a site investigation where no
underground access exists doddepths where traditional overcoring methods are not feasible

(Ljunggren et al., 2003)

3.3.1Hydraulic Fracturing

Hydraulic fracturing usegressurized fluid (generally water) to induce a fracture in the borehole
wall. The orginal intent ofhydraulic fracturingvas to increase the porosity and permeability of
oil and gas reservoirs by adding a granular material, such as coarse sand, to the pressurizing fluid,
which is used to prop open the fractufidaimson and Cornet, 2003)
The setup for completing a hydraulic fracturing test first consists of installing a straddle

packer to seal off a borehole intervBhe fluid is then pumped from surface into the zone at
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pressures high enough to induce a fracture in the boreholeWmlorientation of the fracture
along the wall provides information on the orientation of the stresses in the plaeedieutar to
the borehole axislo determine the orientation of the induced fracture set, an impression packer
or geophysical loggingethods can be used.

The analysis of hydraulic fracturing tests assumes the following conditions:

1 That the borehole is parallel to one of the principal stresses (i.e. vertical borehole
with a known or assumed vertical stress component)

1 That the fracturenppagates in the direction perpendicular to the minimum principal
stress direction;

1 That the fracture (either induced or yenasting) follows the plane identified in the
borehole; and

1 For estimation of the maximum horizontal stress component, it is adsinat the
rock is linearly elastic, homogeneous and isotropic.

Under conditions where the minimum principal stress is in the horizontal plane, the
interpretation of hydraulic fracturing data is well established and has been recently summarized in
an ISRM suggested method for rock stress estimation (Haimson and Cornet, 2003). In this case,
a vertical (axial) fracture is initiated in the azimuth of the maximum horizontal strgssd

perpendicular to the minimum horizontal stréssas illustrated ifrigure 32.
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Figure 3-2: Theoretical development of a hydraulic fracture when the minimum principal

stress is in the horizontal direction.

The initiation of fractures provides an indication of the origmtaof the biaxial stresses;
however, it is the interpretation of the presstimee graph that provides estimates of the stress
magnitude in the horizontal plane. Figur8 Bresents an example of a presgure graph for

several cycles to illustratedtcritical parameters used for determining the far field stresses.
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Figure 3-3: Schematic pressureime graph for classical hydraulic fracturing test with
representative borehole crossections showing pessure conditions at breakdown, re
opening and shutin (Rutqvist et al., 2000).

Initially, the fluid pressure in the boreholg,, B less than the pressure required to initiate
a fracture. During the first pressurization cycle, the peak fluid pressceedsthe breattown
pressure, R and a fracture is initiated. The@pening pressure,,Represents the pressure
needed to open a pexisting fracture and is recorded during the second pressurization cycle.
The difference between the breakdown piessnd the r@pening pressure represents the in situ
tensile strength, T, of the rock. The lowest pressure level during the decay curve able to balance
the minimum horizontal pressure and maintain the opening of the fracture representsitne shut
pressire, R, which is assumed to represent the minimum horizontal stress (Lee and Haimson,

1989).
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The following in situ stress information can be deduced from the pressigrgraph,

where a vertical fracture is created:

1) Mi ni mum hor i zisonentad norsal to thesvertical fiacture. The magnitude

of " is equal to the shuh pressure, P

Cn = Py [3-1]
2) Maxi mum horizontal stress, UUH, is oriented

(assuming a vertically induced fractur@he following equations for estimating the magnitude

of OH are based on the Kirsch solution for ind
on an estimated tensile strength, T, determined through laboratory testing and where infiltration

into the surrounding rockmass is insignificant, the following equation applies:

CIH =T+ 3C|h TR [3-2]

In saturated rocks with low permeability, the relationship includes the resisting force

caused by pore pressuRg, in the formation.
8T Po=T +3@ni P i (Poi Po) [3-3]

In the event that tensile strength estimated from laboratory testing is deemed unreliable or
not available (for example, if no core was collected) thepening pressuré, can be used in
the equation in lieu of tensile stigth (i.e. T = BP,). Uncertainty in determining tensile strength
is considered to be large and therefore incorporating thparing pressure in the equation is
widely used in practice (Ito et al., 1999; Haimson and Cornet, 2003).

BT Po=3@ni P)T (P71 Py [3-4]
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3.3.2Poroelastic Effects

One of the primary simplifications of the classical hydraulic fracturing model presented in above
is the assumption that none of the injected fluid is able to penetrate into the formatiealityn
particularly in porous rocks, infiltration of the injected fluid may contribute to the stress field
around the borehole. This phenomenon was found to be negligible in crystalline rocks (Ito et al.,
1999); however, in more porous, sedimentarksquoroelastic effects can affect the

interpretation of the hydraulic fracturing results. In this case, the Haifesdmurst criterion,

which incorporates the effects of the injected fluid, can be used to estimate the magnitude of

minimum horizontal stries (Wang, 2000).

3.3.3Limitations and Uncertainty with Hydraulic Fracture Interpretation

Additional limitations and uncertainty is introduced to the interpretation of hydraulic fracturing
tests due to tectonic regime, conditions of the induced fracture, aasy@ktsence of pexisting

fractures.

3.3.3.1Fracture Interpretation in Reverse Faulting Stress Regimes

In reverse faulting regimes, where the vertical stress is the minimum principal sfjeas
horizontal fracture will be induced along the borehole wall (normal to the vertical stress
component). Theoretically, this radial fracture (Figu# vill only provide information related
to the magnitude of the vertical stress, which is assumbd equal to the weight of overburden,

and generally not the primary objective of the stress estimation campaign.

43



l To surface

Borehole Cross-section
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Figure 3-4: Theoretical initiation of a horizontal fracture in a reverse faulting regime,

where the vertical stress is the least principal stress.

While thetheoreticalbrientation of an induced fracture in a reverse faulting stress regime
is in the radial direction, in practice it has been observed that an axial fracture develops along the
borehole wall, as illustrated in Figures3 This was also reported by Evans and Engelder (1989),
who found that the presence of a vertical fracture traces on the borehole wall was not necessarily
proof that the shdin pressureP,, representethe minimum horizontal stress. Based on the
results of three deep wells, they found that although vertically induced fractures were formed, the

shutin pressure corresponded to the vertical stress component. They suggested that away from
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the borehole wall, the inited fracture rotated to its preferred orientation relative to the minimum

principal stress.
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Figure 3-5: Observed fracture initiation scenario in a reverse faulting regime, where an

axial fracture is induced but rotates to its preferred orientation (normal to the least

principal stress) away from borehole.

3.3.3.2Conditions of the Induced Fracture

The in situ stiffness and hydraulic properties of the induced fracture created during hydraulic

fracturing has the potéial to increase uncertainty in the estimation of stress magnitude (Rutqgvist

et al., 2000). The classical hydraulic fracturing model assumes linear elasticity and that the
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material properties around the fracture are represented by the rockmass probHestieser,
initiation of a fracture can potentially change the stress path around a borehole such that the
Kirsch solution is invalid.

In addition, the classical model assumes that the fracttopaes instantaneously;
however, it is more likely thahe fracture opens gradually making the identification,of P
difficult. Lastly, if the fracture does not close completely following initiation, and/or opens
gradually upon reressurization fluid flow within the fracture will result in poroelastic effects

that may change the interpretation of the maximum horizontal stress, as illustrated in figure 3

Closed fracture

+ oy=30,—P P, [3-5a]

Slightly open to flow

_ m R G, =30, — 2P, [3-5b]

* r

More open

P.=o,,0,="

Figure 3-6: Modified interpretation for hydraulic fracturing data based on aperture of

induced fracture (after Rutqvist et al., 2000).

Estimation of the maximum horizontal stress based on the ideal case of where the fracture
is completely closed (Equation52), takes the same form as Equatie®) &ithout the tensile
strength component. Where the fractwralightly open, there will be some infiltration of

injected water into the fracture, therefore th@pening pressure will equal the pore pressure, and
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the estimate of the maximum horizontal stress will take the form of EquaBbn B the
extreme cas, where the induced fracture remains open, the injected fluid will fully penetrate the
fracture and the repening pressure will equal the minimum horizontal stress and the maximum

horizontal stress cannot be determined.

3.3.3.3Presence of Prexisting Fracture

Hydraulic fracturing requires thestedsection of borehole be free foactures such that induced
fractures are not interacting withpreexisting fracture. In addition, geologidahtures such as
foliation planespr other incipient planes of weadss such as bedding, may control the
orientation of induced fractures and produce anomatmsisesults(Ljunggren et al., 2003).
Conversely, the | ack of induced fracturing
Underground Research LaboratogRL) found that in a crystalline environment, with high
horizontal stress, it was difficult to generate fractures that were aligned parallel to the borehole

axis, if any fractures were induced at dh¢mpson and Chandler, 2004

3.3.4Hydraulic Testing of Pre-Existing Fractures (HTPF)

The hydraulic testing of prexisting fractures (HTPF) method is a variation of the classical
hydraulic fracturing method. The same equipment and techniques are used, however in this case
existing fractures in the rockmass areditnstead of inducing fractures. To complete a HTPF

test a fracture of interest must first be identified, which could be through core logging or borehole
geophysical methods. The borehole would then be sealed above and below the fracture by
packers to kclose the fracture. As in hydraulic fracturing, pressurized fluid is then pumped

down hole in order to repen the existing joint/fracture. This method assumes thétaittare

propagates in the same plane as identified in the borehole, and thaittimepshssure, £
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represents the normal stress acting on the fracture surface, as illustrated in Figujenggren

et al, 2003).

Borehole

~

Straddle
Packers

=1

‘ ‘ Sub-horizontal pre-
/ existing (or induced)

— fracture)

Stress acting normal to the
fracture plane

Figure 3-7: Setup for the hydraulic testing on a preexisting fracture.

Since the stress determined as a result of a HTPF test is-dithethsional, a theoretical
minimum of six tests, all of different orientations, are required to calculate the complete
3-dimensional stress conditions. However, HaimsonGaorhet (2003) recommend a minimum
of eight tests in order to account for some of the uncertainty in each measurement. Furthermore,
they note that if the distances (depth) between the tests are significant then the stress gradient
must be considered andesvmore tests are required. To reduce the number of tests required it is
possible to assume that vertical stress is a function of the weight of overburden, which reduces
the number of unknown components and thus the number of tests required.

Due to diffiaulty inducing fractures, HTPF methods were implemented at the URL.

Successful testing was carried out on nine of the 14 hydraulic fracturing tests where sub
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horizontal fractures were induced in order to estimate in situ stress conditions (Haimson et al.,

1993).

3.4 Analysis of Borehole Geometry and Breakouts

The development of sophisticated geophysical borehole logging tools has provided an alternative
method of determining stress conditions at depth from borehole investigations (Zoback et al.,
2003). Boreha imaging techniques obtain stress information indirectly though the observation

of borehole breakouts, or estimating the upper bound of in situ stress based on the lack of
borehole breakouts. The use of borehole imaging methods in deep boreholestapgrti
advantageous because data is collected continuously. Therefore, it is possible to estimate the
entire stress profile, unlike overcoring and hydraulic methods which represent the stress state at a

point.

3.4.1Borehole Geometry

In practice, the crossedional shape of the borehole can be determined with the use of
mechanical calipers (dipmeters), or with geophysical logging tools such as the optical or acoustic
televiewer (ATV). Dipmeters provide a continuous measurement of thesgotisnal

dimensior of a borehole at 3 or 4 locationsg3n or 4arm calipers/dipmeters) and have

historically been used to identify borehole elongation (Bell and Gough, 13R8)ATV is a

downhole geophysical logging tool that emits an acoustic pulse, which is refiéictiee

borehole wall. The borehole diameter is determined by calibrating and converting the travel time
using the known borehole diameter found through caliper loggnypical ATV image

showing a set of diametrically opposed breakouts is presenkggdure 38.

49



TR AR T ST T M

ol
4
i1
e
| &
‘?.

Figure 3-8: Sample ATV images for the travel time (left) and amplitude (right). The
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3.4.2Borehole Breakout Analysis

Thedistribution of stresses around a circular excavation in an infinite elastic mediurm, aiid

", representing the maximum and minimum far field stresses, respectively, can be expressed
using the Kirsch solution, wherg gepresents the tangential/comgsize stress and,

represents the radial stress at a given distandeom the excavatiowith radius, r(Jaeger et al.,

2007):

A -k K p - -k K p o- Al pPc [3-7]

A -k K p - -k K p T - o- AT Pcg [3-8]

Based on the above equations, the radial stress around the borehole wall, where a =r, is
zero (i.e. no confinement). As illustrated in Figur@, 3he maximum ampressive stress, or
tangential stress, at the borehole wall is oriented at 90 degrees relative to the maximum far field
stress, while the minimum tangential stress is oriented in the azimuth of the maximum applied

stress.
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Figure 3-9: Simplified distribution of maximum and minimum induced compressive stress

(hoop stress) around the wall of a circular excavation in an isotropic, elastic medium.

Borehole breakouts occur when the rock strength is exceedbd byduced compressive
(tangential) stresses acting around a borehole, which results in inelastic deformation or damage
and fallout (Figure 4.0). Bell and Gough (1979) were among the earliest researchers to observe
that the maximum elongation (breakowis in the direction of the minimum horizontal stress, in
the zone of maximum compressive stress. More advanced logging tools such as the acoustic
televiewer (ATV) have resulted in better resolution of borehole @eskonal images, which has
increasedthe application of breakout analysis as a viable stress estimation technique in deep

boreholes (Zoback et al., 1985; Zoback et al., 2003).
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Figure 3-10: Theoretical development of borehole breakouts in &ertical hole relative to the

maximum horizontal stress, 4, and minimum horizontal stress,  (Ljunggren et al., 2003).

Zoback et al. (1985) developed a relationship for estimating the magnitude of the far field
stresses as a function of the breakout dimensions, based on the Kirsch solution. The critical
dimensions, of the borehole cressction, illustrated in Figure-B1, include: breakout depth; r
width, , ,; and orientation',,. Estimation of the magnitude of the maximum horizontal stress is
more complex and has been derived by Bagtoal (1988) and xpanded upon by Zobaek al
(2003) for vertical and deviated boreholes, respectively. In both cases the maximum stress
magnitudes are predicted assuming the stress concentration at the edge of a borehole breakout is

in equilibrium with the rock strength
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Figure 3-11: Parameters required for estimation of far field in situ stress conditions based

on borehole breakout dimensions (after Zoback et al., 1985).

3.4.3Absence of Borehole Breakouts

The absence of brkauts, which suggests that the tangential stress has not exceeded the in situ
rock strength around the borehole, can also be used to assess stress conditions. In this case,
assuming linear elastic behavior, the upper bound estimate of stress magritfudectson of the
maximum compressive strength of the rock, which is typically assumed to be the unconfined

compressive strength (UCS) determined through laboratory testing.

3.5 Summary

Although a variety of in situ stress estimation techniques are avalghleulic fracturing

methods and the analysis of borehole geometry are two methods that are widely used to estimate
stress conditions in deep, wafiled boreholes. The confidence in the estimation ofitdd in

situ stress magnitude is limited by as®gptions made with respect to the in situ properties of the
rockmass adjacent to the borehole wall. The following chapter investigates the role of stress path
on the distribution of damage around a borehole and the potential implications for in situ stres
estimation.
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Chapter 4

Assessment of the Stress Path and

S

| mplications for I'nm Situ Stres

4.11n Situ Properties of the Borehole Wall

One of the significant limitations with the use of borehole imaging techniques to abafgr®le
breakouts, or the absence of breakouts, are the assumptions with respect to the in situ rockmass

strength and the radial distribution of the elastic modulus adjacent to the borehole wall.

4.1.1Borehole Strength

Martin (1997) compiled laboratory data aseiring the tangential stress required to develop

borehole breakouts under uniaxial and biaxial testing, and in situ stress conditions required to
initiate breakouts in excavations completed in Lac de Bonnet granite at the underground research
laboratory URL), in Canada. Figure-2 clearly shows that apparent strength of the borehole

wall is greater than the laboratory UCS for hole diameters less than approximately 75 mm. This
relationship is inversely proportional to excavation size in laboratory gestint shows a very

modest, if any, trend in situ.

1 - Included in part in the conference paper by Gaines and Diederichs (2013)
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Figure 4-1: Relationship between hole diameter and tangential stress required to initiate
breakouts relative to the unconfined compressive strength (UCS) (Martin, 1997).

4.1.2Modulus Adjacent to the Borehole Wall

Estimation of modulus around a circular axation has important implications for the
back analysis of far field stress conditions from borehole deformation and/or breakouts. It is
generally accepted that damage adjacent to the borehole wall will lead to a reduction of modulus
(Santarelli et al.1986; Nawrocki and Dusseault, 1995). Based on the laboratory results from a
series of hollow cylinder tests, Santarelli et al. (1986) proposed a pressure dependent model

(PDM) for Youngds modulus, which -Bs contr ol
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testing of Carboniferous sandstone, &= 17.49 GPa (Santarelli et al., 1986).
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The results of the PDM show that at zeamfinement (i.e. at the borehole wall) the

modulus is approximately half of the modulus under high confinement. The results are consistent

with the empirical estimation of rockmass modulyg, Beveloped by Hoek and Diederichs

(2006):

Where: E= elastic modulus of the intact rock

% % T8I

D = damage factor

GSI = geological strength index

[4-1]

us

Assuming a GSI of 100, which at the borehole scale is a reasonable assumption, the in

situ modulus is repeented by the intact modulus, Hhe modulus of the rockmassyFat the
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borehole wall, where damage is greatest (i.e. D=1) represents the lower bound estimate of
modulus and is approximately half of the in situ modulus at sufficient distance fronafiiteay
damage is negligible.

To simulate the effect of borehole softening on the estimation of far field in situ stresses,
a Phasegfinite-element model (Rocscience, 2011) was created. The maximum tangential stress
was measured around the borehole with a constant modulus and compared to the scenario
where borehole softening is considered to simulate the potential effect of stress damage on
estimates of maximum tangential stress around a borehole. In this model the rockmass elastic
modulus, E,, deceases from the intact modulus, & one radius from the borehole wall, where
it is assuming no damage has occurred to half of the intact modulus,ad %t borehole wall

(Figure 43).
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borehole wall to E one radius into the rock mass.

The Phasamodel described above was run under perfectly elastic conditions with a stress
ratio of two. As anticipated, the rewulllustrated in Figure-4 show that the maximum
tangential stress (normalized to the minimum horizontal stress) experienced at the borehole wall,
assuming a constant elastic modulus (i.e. no borehole damage), is higher than the stresses

experienced araul a borehole that has experienced damage and a zone of softening around the

borehole.
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Figure 4-4: Comparison between estimation of maximum tangential stress around the
borehole wall assumingaconstant¥ungés modul us, compared to
damaged zone with a decreased modulus around the borehole wall.

The results consistently undestimated the far field stress state by approximately 25%.
As a result, the upper limit of stress, basedhenabsence of borehole breakouts, without
considering the effect of a zone of decreased elastic modulus around borehole wall provides a

potential undegestimate of the actual in situ stress conditions.

4.2 Stress Related Damage around Circular Excavations

In high stress environments, such as those encountered in mining environments, tunnels with
extreme overburden thicknesses, or in deep borehole investigations, it is possible for induced
stress conditions to exceed the damage threshold of the surroundimassavithout exceeding

the ultimate yield strength of the rock. The induced stresses are dependent on both the maximum
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straessandl t he c g Diedenchsii2003)Pproposed &compdsite strength envelope
in order to more accurately relat#ferent failure mechanisms to the stress environment.

There are four distinct zones within the composite strength envelope, as illustrated in
Figure 45: unraveling failure, which occurs under low stress and confinement conditions;
spalling failure, ocarring at high stress and low confinement; shear failure, which requires high
stress and high confinement conditions; and the transition zone, which occurs when stresses
exceed the damage threshold but remain lower than the ultimate strength envelthgse Of
conditions, the transition zone, or disturbed zone, is the most difficult to assess in situ because of

the absence of visible damage.
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Figure 4-5: Composite in situ strength envelope showing represttive zones of failure with
respect to stress conditions. Includes the upper bound strength envelope, lower bound

strength/damage threshold line and the transition zone (Diederichs et al., 2004)
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4.2.1Core Sample Damage versus Excavation Damage

Researchhasben conducted at Atomic Energy of Canadad¢
Laboratory (URL) to assess the relationship between in situ stress conditions and sample damage

in brittle rocks (Martin and Stimpson, 1994; Eberhardt et al., 1999). It was detetimed

sample disturbance (damage) increased with increasing depth, as illustrated in-Big\isdal

evidence of disturbance in the core samples included the presence of microcracking, which occurs
under moderate stress conditions and can be identii¢ide stresstrain response in laboratory

tests. Under high stress conditions (i.e. at greater depth) visual damage manifested itself as core

disking (Martin and Stimpson, 1994).

Borehole
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=
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Moderate B (e) > 8
= wn
Damage <_\_ ﬁ E
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ignifican = o
Damage (disking) E <_\_
=

Figure 4-6: Schematicillustration showing degree of sample damage with increasing depth
(after Martin and Stimpson, 1994).
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Based on Figure-8, the following stress and damage regimes can be qualitatively assessed:
1 No damage in situ stresses do not exceed damage threshold.
1 Moderate damagino visible damage, but grain scale microcracking has occurred, stress
path has exceeded damage threshold.
1 Significant damagé visible damage such as core disking, stress path exceeds rock

strength.

It is reasonable to assume that tkgrde of damage in the core sample is an indication of
damage around the borehole. Therefore at depth, under higher stress conditions it is expected that
borehole damage will be greater than the damage at shallower depths. However, for the purposes
of daermining the extent of damage and distribution around a borehole, which is important for
estimating strength and modulus degradation, consideration of the stress path around the
advancing borehole is required. This is especially true under stressaanditiere only
moderate damage is anticipated because at this stage the damage threshold may be exceeded,
causing micrescale damage to the rockmass without manifesting itself in visible damage such as

spalling or flaking around the borehole.

4.3  Stress Pathand Loading History

The ultimate strength as measured through UCS laboratory testing is an important parameter for
assessing the potential for stress related damage around excavations; however, the actual stress
path occurring around an advancing borelimlmore complex than the loading/unloading path
experienced during laboratory testing. Figuré gchematically illustrates the difference in
loading/stress path for different laboratory tests and a generalized stress path from two locations

around a ciralar excavation.
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Figure 4-7: Stress path experienced along a vertical borehole at 0 and 90 degrees relative to

the maximum horizontal stress compared to stress path for laboratory tests (modified after

Martin, 1997).

In the example provided in Figure74it can be seen that the stress path at 90 degrees
relative to the maximum horizontal stress peaks at low confinement (i.e. at the borehole wall,
where’ ;= 0). Conversely, the stress path at 0 degrees relative to the maximum horizontal stress
reaches a low stress point at low confinement. The distribution of stresses behind the borehole
face (i.e. the final stress condition in the loading path un@ectmfinement) is consistent with
the stress distribution around a cylindrical hole in an elastic medium estimated using the 2

dimensional Kirsch equation (refer to Section 3.4.2), as well as location of borehole breakouts
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based on extensive laboratorytieg and field observations (Bell and Gough, 1979; Haimson and
Herrick, 1986; Zoback et al., 1985; Plumb and Hickman, 1985).

As Figure 47 illustrates, the simple, linear loading path that occurs during laboratory
testing does not account for the complerss history within a rockmass. Furthermore, it can be
seen that the stress history at different orientations relative to the maximum horizontal stress
experience vastly different paths. Often it
laboratory analysis or in stress analysis usingdar#nsional solution, when assessing the
potential for stress related damage. However, the loading history and stress path is a potential

source of stress related damage that can contribute to degnadeatie rockmass properties.

4.4 Relationship between Stress and In Situ Rockmass Properties

Borehole damage can be caused by several factors, including drilling, fluid pressure changes and
thermal effects (Dusseault and Gray, 1992). Geomechanical pesprthe rockmass are

influenced by the amount and distribution of damage and can lead to degradation of strength and
a reduction of in situ modulus adjacent to the borehole wall. The following sections review the
current understanding of the relatioigshetween stress, in situ field strength and elastic

modulus.

4.4.1Stress Damage and In Situ Strength

Damage induced during drilling or excavation is one of several factors that contribute to an
apparent reduction of in situ strength. Various researchershaw that stress induced
fracturing occurs around tunnels at approximatelyd0S3UCS, which represents the lower bound

strength at the onset of damage (crack initiation) (Diederichs et al., 2004).

65



Furthermore, it has been shown that there is onlpdest dependency between
confinement and the deviatoric stress required to initiate damage (Diederichs, 2007), indicating
that damage can occur during drilling even at relatively high confinement (i.e. ahead of the
borehole). This is significant becaussuggests that the rockmass surrounding a borehole
experiencing a loading history that exceeds the damage threshold will undergo some strength
reduction prior to reaching unconfined conditions. The distribution of this damage around the

borehole is notecessarily uniform and is addressed in the following sections.

4.5 Modelling the 3-D Stress Path around a Borehole

In order to assess the potential for stress related damage around a borelotersi®nal

numerical model has been created. The traditiappioach to estimating induced stresses

around a borehole is to use-@ithensional approach, which in a vertical borehole incorporates

the maximum and minimum horizontal stress components, but does not include the effect of the
vertical stress componefrefer to Chapter 3). The intent of this analysis is to evaluate the effect

of the axial stress component of the stress path surrounding a borehole as well as investigating the

influence of various ratios of maximum to minimum horizontal stress.

4.5.1Numerical Modelling Tools

In order to estimate the stress path around a borehole during drillisgjreesional elastic
model was created using the boundary element model, Ex&rtiRecscience, 2010). For
simplicity, the borehole is oriented vertically anduasss that the vertical stress, is one of the
principal stresses.

Figure 48 shows the model sep and orientation of the monitoring locations relative to

the principal stresses. The stress componentsj and’ ;) are recorded at data points orted
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parallel to the borehole axis at 0, 45 and 90 degrees relative to the maximum horizontal in situ
stress direction, . At each position, five points are selected radially outward from the borehole
wall at 0.01, 0.05, 0.1, 0.2 and 0.4 times the h@edter (i.e. 0.01D, etc.). The monitoring

points extend two times the diameter (2D) ahead of the borehole and three times the diameter

behind the end of the borehol8D).
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A ) :
o 45¢ |
Bottom of Borehole 90° o~
z=0 5 : :Oo
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Figure 4-8: Examine® model geometry, reference lines and in situ stress orientations.
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4.5.2Initial In Situ Stress States

In all cases, one principal stress is oriented parallel to the borehole axis, with the other two

principal stresses oriented normal to the axis. Assumirmgteal borehole, the axial stress
corresppnabst hotie stresses noraall Thestresshe axi s
conditions have been normalized with respect to the minimum horizontal stress component for

ease of comparison. A summarytioé in situ stress states applied in the modeling analysis, and

the associated tectonic regime, after Ander son

Table4-1.

Table 4-1: Summary of applied in situ gress conditions for Examine3D modelling

Gl &/ i Relative Magnitude o_f the P_rincipal
v Stresses (Tectonic Regime*)

1 0.5 Ou= n8 , O(RF)

1 1 Ou= n¥ , U(Isotropic)

1 1.5 0> u& ,U(NF)

2 0.5 8> n8 , U(RF)

2 1.5 Oy> 8 , U(SS)

2 3 0> n& L U(NF)

3 1 Gy> n8 , O(RF)

3 2 Oe> o8 ,U(SS)

3 4 > & ,0(NF)

*NF = normal faulting; RF = reverse faulting; SS = strilti®

It is important to note that the stress conditions summarized in Tdbiegfesent the
initial far field stresses applil to the model, not the excavation induced stresses. The secondary
stresses around t he, Janrdéhielmaximam, etermediateand ed as U
mi ni mum principal Str esses, g, Whclsipteediffdrevee | vy . The
b et weamd, réfresents the most useful parameter to evaluate stress related damage and is

presented throughout the following sections.
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4.5.3Stress Path Analysis

The stress path {vs " ;) has been plotted for the conditions at the borehole wall vithere
induced stresses are greatest in order to better illustrate the trends in path relative to the tectonic
setting. The borehole wall monitoring point is taken at 0.01D in order to avoid boundary effects
in the numerical model. By plotting the loadimgtory of the rock surrounding the borehole at
different orientations (i.e. 0, 45, and 90 degrees relativg)tat can be estimated whether or not
damage has occurred during borehole advance, and the potential distribution of any stress related
damage. The following stress path plots are provided in order to illustrate the relationship
between stress historma tectonic regime; however, stress path plots for all initial in situ stress
states at all monitoring locations are provided in Appendix A

Under conditions wher e y/hbt)ithe stness patharsund e s s e s
the borehole is indepenukeof orientation around the borehole, but is affected by increasing the
vertical stress component (axial stress). Figu®dldistrates the loading history for equal

horizontal stress and increasing vertical stress.

a,/cy,

-=-gv/oh = 0.5 (RF)
214 )} --ov/oh = 1 (Isotropic)

ov/oh = 1.5 (NF)

0.0 0.5 1.0 1.5
ay/cy,

Figure 4-9: Stress path around a borehole with equal horizontal stresses.
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Under more realistic conditions, where the horizontal stresses aexjnah) the stress
path is dependent on location around the borehole relative to the maximummtabish@ss.
Using the case wherg/ {F 2, Figure 410 illustrates the loading path under increasing axial

stress conditions.
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I n t he ycfas, the nmakimuin stress experienced adjacent to the orientation of

the maximum horizontal stress (i.e. 0 degrees) occurs aigteconfinement, while the
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maximum induced stress at 90 degrees peaks at low confinement for reverse faulting and strike
slip regi mes. When the axial stygtaesisa ncreases
change in the stress path. In thigdedic regime (normal faulting), the maximum induced stress

experienced at 90 degrees occurs under relative high confinement.

4.5.4Distribution of Stress along the Borehole Axis

Around circular excavations, the stress conditions at the face have been showrsigrificant

factor in determining the extent and distribution of damage, such as spalling and flaking, in hard,
brittle rocks (Diederichs et al., 2004). Figdrd 1 illustrates the distribution of deviatoric stress
along the borehole wall, at 0 and @grees. The magnitude of tangential stress estimated by the

Kirsch solution is provided as a reference.

Kirsch Sol'n, ogg/0}, = 2

-=-ov/oh = 0.5 (RF)

1
=
2]
1
C e

-av/oh =1 (Iso)

ov/oh = 1.5 (NF)

0 £ 5 10
0 - AU = |

0.5 1 ode\r/ Oh

Position Relative to End of BH, z/D
S
U

1.5 ¢

Figure 4-11: Distribution of deviatoric stress along the borehole axis, where the horizontal

stressa are equal.
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When the hori zontyadr1)dhe axaldistebationsof seessesjamand (U
the borehole are independent of orientation. In this case, a peak in the maximum deviatoric stress
is noted around the borehole face only when the axial strgesaiter than or equal to the
horizontal stresses, i.e. under isotropic or normal faulting stress states. As the vertical (axial)
stress component is increased the magnitude of the maximum deviatoric stress around the face
increases, while theinducedessts s behi nd t he face remains const :
around the borehole are approximately equal to the tangential stress estimated using the Kirsch
solution.

However, under wequal horizontal stresses, the induced stress magnituderistiiu
of the orientation around the borehole relative to the maximum horizontal stress direction. Figure
4-12 presents the contoured image of deviatoric stress around a borehole under unequal
hori zont ad -2}, whers theeagial §tréss i®tlninimum component. Conversely,

Figure 413 illustrates the distribution of deviatoric stresses when the vertical (sixed} is the

maximum component.
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Figure 4-12: Distribution of deviatoric stresses in a reverse faulting regime, where the axial

stress,” ,, is the minimum principal stress (10 MPa) and the horizontal stress ratio is 2.
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Figure 4-13: Distribution of deviatoric stresses in a normal faulting regime, where the axial

stress,” ,, is the maximum principal stress (60 MPa) and the horizontal stress ratio is 2.

As seen in Figures-42 and 413, the magnitude of the axial stress controls the

magnitude and distribution of stresses around the borehole face, but has very little impact on the
stress disthution behind the borehole face. However, these plots clearly show that the stress

path during borehole advance will pass through a zone of high deviatoric stresses, where damage

is most likely, before reaching the final deviatoric stress conditions.nmlgaitude of the

deviatoric stresses along the borehole axis, as illustrated in FighiBeart 413, is presented in

Figure 41 4 , wi ge2e G
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Figure 4-14: Distribution of deviatoric stress along theborehole axis at 0 and 90 degrees

relative to the maximum horizontal stress where 4/ 1, = 2.

In Figure 414 it can be seen that the maximum induced deviatoric stress at 0 degrees
occurs around the borehole face, independent of the magnitude of therag&l slowever, at
90 degrees, the maximum deviatoric stress occurs behind the borehole face when the axial stress
is less than or equal to the hori zogpihal stress
maximum deviatoric stress is encounteaeound the face, but the difference between the
maximum and final deviatoric stresses are significantly less than at 0 degrees. At 90 degrees, the
final stress state is well approximated by the Kirsch solution, but at 0 degreeb tieszh
approximatia is invalid when the axial stress is the maximum principal stress component.

The distribution of deviatoric stress along the axis remains relatively constant away from
the borehole face (greater than 0.05D and less-h@&D). In front of the borehotée stress

conditions reflect the undisturbed, in situ stresses, but at approximately 0.05D the advancing
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borehole begins to induce a stress change along the borehole edges. Behind the face, from
approximately0.05D, the induced stresses around the lmbecdre steady.

The distribution of stresses along the borehole axis at distances of 0.01D (borehole wall),
0.1D and 0.4D are presented in Figurésa and Figure-45b to illustrate the radial extent of
stresss with depth in a,figvandeafaormahgfneaeyi mag/(
respectively. As noted above, the deviatoric stresses are relatively constant in front of, and
behind, the borehole face. In Figurd3a, under conditions whetlee vertical stress is the least
principal stress, the maximum induced deviatoric stress at the face is relatively modest at 0
degrees, and decreases away from the borehole wall. At 90 degrees, the induced stresses around
the open borehole are significhnigher than the stresses in front of the borehole, but this effect
is almost negligible away from the borehole wall (i.e. at 0.4D). Similarly,normal faulting
conditions (Figure 45b), the magnitude of the induced deviatoric stress around thledb®r

face decreases away from the borehole wall.

77



@ 0 degrees @ 90 degrees

(ou/0,=2) (oufo,=2)
-3 S b -3 4
-2.5 4 b -2.5 A
L
N2 - 2 -
T o,/o, = 0.5 (RF)
895 15 -
3] -=-0.01D
2 1 0.1D
w
2 05 4 05 1 04D
@ 4 6 8 2 6 8
g 0 : : | 0 : : |
U
§ 0.5 A c’clev/oh 0.5 - Udevlch
o
-‘g’ 1 - 1
o
1.5 - 15 -
2 - 2 -
(a)
@ 0 degrees @ 90 degrees
(ou/0,=2) (ow/0,=2)
3 4 3 -
2.5 A -2.5 A
o
N o2 2 A
T o,/0, =3 (NF)
@15 -1.5
(=] -=-0.01D
E -1 - -1 0.1D
3-05 b | 0.5 4 -*-0.4D
s ( Yo 4 6 8 6 8
S D"
T
% 05 - Oyev/ O 05 - Ogeul On
2
'§ 1 4 1
a
1.5 4 1.5 A
2 2 -
(b)

Figure 4-15: Di stribution of stresses jaN2@andfincom t he
(a) reverse faulting regime and (b) normal faultingregime.
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4.5.5Hoop Stress and Comparison to-D Solution

Analysis of the induced stress field around a circular opening (tunnel, shaft or borehole) is
typically considered to be a taimensional problem because the length of the opening is much
larger thanhe span (Hoek, 2007). As such, models for borehole breakout analysis are based on
the twadimensional Kirsch solution (Zoback et al., 1985; Barton et al., 1988). Furthermore,
laboratory testing that exists to correlate far field in situ stresses withduiedimensions and in
situ strength are based on uniaxial or biaxial loading (Haimson and Herrick, 1985; Martin, 1997),
and this does not account for the true stress history that the rockmass will experience in situ.
The following graphs provide a comp=on between deviatoric stress encountered around
the borehole relative to the Kirsch solution. FigwE6é presents the maximum deviatoric stress
encountered during the stress history of the monitoring line (0, 45 and 90 degrees reladive to
The final deviatoric stresses, taken as the stress conditions away from the influence of stresses at

the borehole face3D), are compared to the Kirsch solution in FiguEsth.

79



- = Kirsch Sol'n
—=—gv/oh = 0.5 (RF)
——ov/oh = 1.5 (SS)

—e—ov/oh = 3 (NF)

Maximum Deviatoric Stress, 6,.,/0},

0 45 90 135 180 225 270 315 360
Angle (degrees) from oy

()
7 -
- = Kirsch Sol'n

6 —=—gv/ch = 0.5 (RF)
£
2 ——av/oh= 15 (55)
% 5
b_ —a—ov/ah = 3 (NF)
a
9 4
&
K=
5 3
L
8
2
a 2
g
i 1

0 T T T T T ‘ T )

0 45 90 135 180 225 270 315 360
Angle (degrees) from ay,
(b)

Figure 4-16: Comparison between the hoop stress around a borehole estimated using the
Kirsch equation and the stresses estimated usingddmensional numerical modelling tools
f o r/ {8 2, where (a) presents the maximum deviatoric stress, and (b) the final devito

stress encountered around a borehole.
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The magnitude of the final deviatoric stresses surrounding the borehole based-on the 3
dimensional numerical modelling correlates well with tihdirBensional solution for hoop stress
when the axial stress is theast principal stress §). However, as the axial stress increases, the
discrepancy between thel2solution and the numerical solution at the azimuth of the minimum
horizontal stress (0/180 degrees) increases, while the magnitude of the deviatoric stress at 90
degrees relativeo " ; remains consistent.

The maximum deviatoric stress encountered along the borehole axis at 90 degrees from
" n is also comparable to the2solution. However, the Kirsch solution significantly
underestimates the maximum stress along the boreholadjatlent to the maximum horizontal
stress direction (0 degrees). Furthermore, this discrepancy increases as the axial stress increases
to the point where the maximum deviatoric stress encountered at O degrees is greater than the

maximum at 90 degrees, @i the axial stress becomes the maximum principal strgss (

4.5.6Numerical Modelling Limitations and Assumptions

The Examin& models developed for analysis of the stress conditions around a borehole assume
that the material is isotropic and behaves elastically. In reality, the deviatoric stress conditions
experiaced at the face of the borehole, as well as damage resulting from pressure changes and
physical damage from drilling may cause damage around the borehole and material properties
(including strength and modulus) will vary radially from the borehole wallffécki and
Dusseault, 1995).

The distribution of material properties is not accounted for in the Exatnimaels, nor
are the stress changes resulting from pore pressure changes or additional forces from the drill
string and/or drill bit. Pore pressueffects can be quantified and drilling parameters such as

thrust/weight on bit are recorded and can be incorporated into a stress analysis, whereas the stress
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path around the face of the borehole can only be determined through numerical simulation.
Furthermore, it is likely that stress changes from pore pressure or from drilling would be evenly
distributed around the borehole wall, while the results of the models indicate that stress related
damage is focused in specific locations around the borehblerefbre, the relationship between

the axial and normal stress components to the distribution of stress related damage should still be

valid.

4.6 Borehole Damage and Implications for In Situ Stress Interpretation

The following sections consider the implicatoof the deviatoric stress path around a borehole

on the analysis of borehole breakouts or borehole deformation and on hydraulic fracturing.

4.6.1Implications for Borehole Deformation and/or Breakout Analysis

As shown in the previous sections, under certasitinstress conditions, theddmensional

approach to assessing damage and potential breakouts around a borehole does not adequately
account for the maximum deviatoric stress encountered around the borehole. Since the deviatoric
stress is the primary cant on damage initiation (and propagation), which can in turn reduce the

in situ strength and modulus, there is potential error in the back analysis of the far field stress
condition where the maximum deviatoric stress is significantly different tham#ieléviatoric

stresses. TableZ summarizes the difference in the maximum deviatoric stress and the final
deviatoric stress at different angles around the borehole to further support the importance of

assessing the complete stress path and not ongyriseses around an existing excavation.
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Table 4-2: Difference between maximum and final deviatoric stress around the borehole

wall (0.01D) at 0,45, and 90 degrees relative to the maximum horizontal stress

0 Degrees 45 Degrees 90 Degrees
Change in Change in Change in
i/ 0 G/ Deviatoric Stress Deviatoric Stress Deviatoric Stress

( dzlv(max)'f ( d:!v(max)T ( (ﬁv(max).[
Gdev(final)) h d ljdev(final)) h d ljdev(final)) h d

1 0.5 0.0 0.0 0.0

1 1 0.2 0.2 0.2

1 15 1.1 1.1 1.1

2 0.5 1.4 0.0 0.0

2 15 2.4 0.6 0.0

2 3 35 2.9 0.3

3 1 3.7 0.2 0.0

3 2 3.8 1.1 0.0

3 4 5.0 4.1 0.1

4.6.2Implications for Hydraulic Fracture Interpretation

The strength degradation around a borehole due to deviatoric stress coediteeding the
damage threshold also has potential implications for the analysis of hydraulic fracturing tests.
The classical model for hydraulic fracturing interpretation in a vertical borehole consists of
initiation of an axial fracture in the azimuththe maximum horizontal stress, i.e. at 0 degrees.
In this model, the maximum compressive stress (also the maximum deviatoric stress), occurs at
90 degrees relative to the maximum horizontal stress.
Under conditions where the axial stress is domiramtstressed conditions and damage
may occur around the borehole, not just at 90 degrees relative to the maximum stress in the plane

normal to the borehole (Figurel&). The consequence for interpretation of hydraulic fracture
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data is that the in sitemsile strength may be less than the laboratory measured value and/or
typical values for a given rock type. Under these conditions, the difference between the
breakdown pressure and the second cyetgpening pressure would provide a more accurate
assessent of the in situ tensile strength. However, as identified in Section 3.3, there are
uncertainties with respect to the conditions of the initiated fracture that may affect the

identification and interpretation of the-opening pressure from the presstime graph.

Oh

!

UH- -OH

decrease in apparent tensile
Zone of maximum strength
oy compressive stress — potential
damage zone

T Damage at 0 degrees -

(a) (b) R
Figure 4-17: Cross-section through a vertical borehole showing (a) the classical
interpretation of hydraulic fracture initiation relative to induced stresses; and (b) the

potential distribution of over-stressed conditions around a borehole.

4.7 Practical Assessment of Stress Path and Borehole Breakout Interpretation

In order to practically assess the influence of incorporating-tlim&nsional stress path into

borehole imaging methodsprsider the following scenarios of a vertical borehole in a granitoid
rockmass at 800 metres depth. In one scenario the vertical stress is estimated by a lithostatic load
of approximately 20 MPa, and iys p@qg)imthet o t he
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second scenario, the vertical stress is increased P40 while the horizontal stress conditions
remain the same. In this case, the vey=ti
Uy > pu

The applied strength criteria are bavem extensive analysis of Lac de Bonnet granite
(Martin, 1997). The upper bound limit of in situ yield strength is based on the Btoein
failure envelope (Hoek and Brown, 1997; Hoek et al., 2007) for crack damage identified from
laboratory testing. Ténlower bound limit of damage, or crack initiation, is based on the best fit
elastic solution for in situ stresses at measured microseismic event locations. The following

parameters are used for the failure envelopes:

Upper bound (FB): UCS =224 MPa
m=11.13
s=0.379

Damage threshold: =70+ 3
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Figure 4-18: Stress path plots for scenario (a) where the vertical stress is approximated by
gravitational loading, and (b) an increagd vertical stress due to topography.

86



As illustrated in Figure 4.8, the final stress conditions for each scenario reach
approximately the same magnitude at low confinement (i.e. behind the borehole face and adjacent
to the wall). In both cases, the firsilesses are comparable to thdirBensional Kirsch solution
at 90 degrgé€diO0beMRua) v anf@0Ra). &he stess pathtat®0
degrees is similar under both stress states; however the stress history at O degrees differs.

Despitehaving comparable final induced stress states, the path for the line at 0 degrees
under reverse faulting conditions does not exceed the damage threshold, while the path at 0
degrees with increased vertical stress, under normal faulting conditions, deed &he
threshold. This is significant because by discounting the axial stress component and the stress
history around the borehole, damage would be only predicted at 90 degrees relative to the
maximum horizontal stress, while an analysis of the stratbsghows that, under conditions
where the vertical stress is the maximum principal stress, damage would also be incurred along
the borehole axis in the direction of the maximum horizontal stress. This distribution of damage
would create a zone around terehole with decreased in situ strength and lower elastic

modulus, which in turn affects the back analysis of far field in situ stresses.

4.8 Conclusions

Based on the results of the numerical modelling presented in the previous sections, it is clear that
incorporating the axial stress component in the analysis of induced stresses around a circular
excavation is important for estimating the distribution of stress related damage around a borehole.
While the final induced stress conditions are relatively untfteby the magnitude of the axial

stress component, the maximum deviatoric stress encountered during borehole advance is directly

related to the axial stress.
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In cases where the maximum deviatoric stress exceeds the damage threshald, micro
fracturing anddamage of the rock can occur resulting in degraded material properties. Moreover,
the rotation of the stress components around the borehole face, which is not considered in this

analysis, can contribute to increased damage and fracture propagatiomi¢Dseeeal., 2004).
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Chapter 5
Numeri cal Stress Reconstruction: Es

Conditions in the Paleozdgic Bedro

5.1 Numerical Modelling and Stress Characterization

A comprehensive site investigation for any underground exicavaroject requires an estimation
of the stress conditions at depth. This is particularly true for sensitive projects such as deep
geological repositories for the lottgrm disposal of radioactive waste products that require
strenuous technical revievin these types of projects, it is expected that the in situ stress
conditions will be weldefined at the early stages of a project in order to obtain approval and

licensure from the applicable regulatory agencies.

As part of a stress characterizationgmam, numerical modelling can be used to create a final
rock stress model (FRSM) for a given site (Zang and Stephansson, 2012). Furthermore, in cases
where inadequate 6directd stress measurements
imposed by difficult ground conditions, numerical modelling represents a potential method of
estimating stress conditions. Figurd Blustrates the sequence of steps required as part of a

comprehensive in situ stress characterization program.

2 - Included in part in the conference paper by Gaines, Diederichs, and Hutchinson (2012)
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In Situ Stress Characterization
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Figure 5-1: Methodology for conducting an in stu stress characterization program.
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Provided that there is sufficient agreement between the numerical modelling results and
the estimation of stress based on regional data as well as site specific stress measurements, the
numerical model could also be ugedestimate stresses. In heterogeneous ground, or in complex
geological settings, the collection in situ stress measurements necessary to fully characterize the
stress conditions is not practical. In this case, providing there is sufficient confidehee i
available stress data, the use of numerical modelling tools and construction of a FRSM is

important and can be used to supplement the site specific measurements.

5.2 Stress Estimation in the Michigan Basin

It is challenging to accurately define the stretate in layered stratigraphic rocks that have
undergone lateral compression and vertical compression/relaxation cycles due to glaciation and
erosion, which is the case with the major sedimentary basins of Eastern €aclada the

Michigan basin (Figur 52).

91



Wisconsin £

Q rch
0

Ilinois

; 2

ian
b S
CRS

Contours in km

Figure 5-2: Location of the Michigan Basin with contours showing the thickness of the

Paleozoic sedimentary cover (from Howell and van der Pluijm, 1990)

The interpretation of hydraulic fracturingsts completed in reverse faulting stress
regimes, such as in the Michigan basin of southern Ontario, is considered to be difficult and
unreliable (Evans and Engelder, 19B&hman et al. 2007)Furthermore, the high cost
associated with measuring ssed numerous formations make hydraulic fracturing impractical.
Similarly, ATV logging of deep wells in southern Ontario indicate that no breakouts have
occurred (Valley and Maloney, 2010). As a result, borehole imaging methods are limited to only
constaining the upper bound of stress based on elastic theory, which is highly dependent on

assumptions on roakiass strength and elastic properties (as discuss&thioters 3 and)4 In
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this case, numerical modeling tools, along with available regionalienspecific stress

information for calibration represents a technique for estimating the complete stress profile.

5.2.1Geological Setting

The Michigan Basin is centered over northern Michigan, encompasses an area of approximately
200,000 krAiand reaches a mianum depth of 4,800 metres at dsntre(Howell and

vanderPluijm, 1990. Southern Ontario is located along the eastern edge of the basin where the
depth of Paleozoic sedimentary sequence overlyingcprabrian metamorphic rock is
approximately 90@n. A crosssection through the Michigan basin, showing the relative position

of southern Ontario, on the eastern edge of the basin, is presented in R3gure 5

Lake Michigan

ELEVATION (mertres above sea level)

Figure 5-3: Geological crosssection through the Michigan basin (NWMO, 2011). Note the
large vertical exaggeration.
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The stratigraphy of the region consists of horizontally beddedtone and dolostone units
aswell as shale units, all overlyirfgre@mbrian gneissic basement rodRased on exteng core
logging in southern Ontario, 34 distinct Paleozoic sedimentary formations have been identified
(Intera, 2011). The simplified stratigraphic column is presented in Figdyevbile a complete

stratigraphic column with brief formation descriptioaprovided in Appendix B.
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Figure 5-4: Simplified stratigraphic column of the Michigan basin in southern Ontario
(after Intera, 2011)
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5.2.2Existing In Situ Stress Data

The current compilation of in situ stredata, presented in Figured5is based on a summary of
existing measurements from the St. Lawrence Platform by Adams and Bell (1991), a USBM
overcoring measurement collected from the Norton Mine in Ohio (Bauer et al., 2005), as well as
numerically constiaed stress values based on borehole imaging of four deep boreholes at the

Bruce site in southwestern Ontario (Valley and Maloney, 2011; NWMO, 2011).

Stress (MPa)
0 20 40
0 1 1 1 1 1 1 1 ]
100 A
200 - E. E ch - hydrofrac/overcoring (1)
: i oH - hydrofrac/overcoring (1)
300 - E v ® ch - Norton Mine (2)
E : . ::'-_‘ | B oH - Norton Mine (2)
< 400 I: ' ! - ==-gh - Borehole imaging(3)
% : t : ===-gH - Borehole imaging (3)
Q 5004 i i
i i p
| 4 B
600 4 1,, i Y
" B .
oL 8w
700 H ' : B
800 A
900 -

Figure 5-5: Estimated distribution of maximum and minimu m horizontal stresses with
depth in the Paleozoic sedimentary rocks of OntarioSources: (1) Adams and Bell, 1991;

(2) Bauer et al., 2005; (3) NWMO, 2011.
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The compilation of stress measurements from Adams and Bell (1991) only extends to
approximately 30@netres below ground surface, but is extrapolated to depth for the purposes of
this assessment. It should be noted that there is a large amount of scatter with the near surface
overcoring measurements and stress measurements below 80 metres were bylleateallic
fracturing, which is sensitive to geological features such foliation planes, or other incipient planes

of weakness.

The Columbus limestone formation encountered in Norton Mine, Ohio has been
considered analogous to the Cobourg formation ithesn Ontario for the purposes of
estimating stress conditions (NWMO, 2011). However, it should be noted that the Norton Mine
is located within the Appalachian basin, which is located east of the Michigan basin and
Algonquin arch, and closer to the Appaién thrust front. Furthermore, the Columbus
Formation, while lithologically and geomechanically similar to the Cobourg and at similar depth
below ground surface, is geologically younger (Devonian vs. Ordovician, respectively). As a
result, it is expeetd that the units will have experienced different stress histories that may
account for some variation in the true stress conditions. Despite the limitations, the Norton Mine
overcoring stress measurement is used as a reference/calibration pointdtotriad numerical

analysis.

5.3 Numerical Stress Estimation Methodology

The methodology for establishing a numerical model for estimation of current in situ stress
conditions based on a reconstruction of the loading history is illustrated in Figurée
representative stress model incorporates the geological history and primary influences on the
stress conditions; the rockmass properties defined through site characterization activities; and the

current geological framework in terms of tectonic settinggewmorphological conditions.
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5.3.1Geological History

Alleghenian.

Geological History
Depositional history (burial and erosion),
tectonics, glacial history

Current Geological Framework
Geological setting, tectonic regime, post-
glacial conditions

\ J
f N
Rock Mass Properties
Structure (faulting and jointing), rock
strength, elastic parameters
. 7
4 N

4

Stress Model

current in situ stress conditions.

tectonics, deposition/erosion, and glaciation. Tectonic forces

largely a result of the Appalachian orogeny on the eastern ed
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Figure 5-6: Methodology for creating a representative stress model for estimation of

The historical elements most craldo development of the current in situ stress regime include:
on the Paleozoic sequence are
ge of the North American plate and

have been further divided into three pulses by Sanford (1985); Taconian, Caledonian/Acadian and

Deposition and erosion, as well as glaciation, primarily act downward, contributing to a

dynamic build up and subsequent reduction of vertical inssiesses, as well as an increase in



horizontal stress due to the Poisson effect. A summary of the primary geological conditions

influencing the stress regime is provided as Figure 5

Geologic Time Factors Influencing In Situ Stress
Precambrian - Formation of the intercratonic basin and
(1,100 - 580 Ma) - subsidence

\L - Deposition of Cambrian sandstone to
Queenston Formations

Cambrian — end of Ordovician
(580 - 440 Ma) - - Erosional unconformity between Queenston

Fm. (Ordovician) and Manitoulin Fm. (Silurian)

- 15t pulse of Appalachian orogeny (Taconic)

- Deposition of Manitoulin Fm. to Bass Islands
Fm.

Silurian - - Erosional unconformity between Bass Islands
(440- 410 Ma) Fm. (Silurian) and Bois Blanc Fm. (Devonian)

- 2" pulse of Appalachian orogeny
(Acadian/Calendonian)

Devonian — end of Permian - Deposition of Bois Blanc Fm. to Lucas Fm., plus

(end of Paleozoic) additional Carboniferous material which has

(410- 250 Ma)

- Seafloor spreading in Atlantic

Mesozoic - present
- Multiple glaciation events, most recentl
(250 Ma - present) - e Elack Y
Wisconsin glaciation

!

since been eroded

- 37 pulse of Appalachian orogeny (Alleghenian)

Figure 5-7: Primary influences on the stress conditions at various points throughout the

geological history of the Michigan basin.
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The stress history of the rocks of the Michigan basin can be subdivided into five time
periods; Precambrian, Cambrian to the end of the Qeidoy Silurian, Devonian to the end of the
Permian and the Mesozoic era to present @iagse divisions represent periods of unique

deposition, erosion, tectonics and glaciation, all of which influence the stress conditions.

The erosional unconformityeween the Precambrian basement rocks and the overlying
Paleozoic sedimentary sequence represents a disconnect between stress histories, and therefore in
situ stress conditions. Stressa®ripling was identified based on a series of stress measurements
cadlected at the Darlington site in southern Ontario, which indicated that high horizontal stress in
the Paleozoic rocks did not continue into the underlying Precambrian (Haimson and Lee;1980).

As such, stress history and current in situ stresses in tbarflséan formation of the basin

structure are not considered for this analysis.

The time period starting at the Cambrian and ending at the end of the Ordovician
encompasses the Cambrian sandstone to the Queenston Formation and is marked by an erosional
unconformity at the end of the Ordovician. Cercone and Pollack (1991) note that the erosional
unconformities were likely less than 100 m and are therefore not significant in the overall stress
history of the sequence. During this time period the in fsiesses are influenced by deposition
(i.e. lithostatic stress due to gravity) and the first pulse of the Appalachian orogeny, the Taconic

orogeny (Sanford, 1985).

The third significant stage of the development of the basin includes the deposition of the
Manitoulin Formation to the Bass Islands Formation. The end of Silurian is marked by an
erosional unconformity, which, as outlined above, is not considered to be significant to influence

the stress history. This sequence, as well as the Can@rivicianunits, is subjected to the
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second pulse of the Appalachian orogeny, which includes the Caledonian orogeny and Acadian

orogeny in the early and late Devonian, respectively (Sanford, 1985).

Deposition of the Devonian units, including the Lucas and Amhegstarmations,
represent the fourth stage of basin development. This stage encompasses the Devonian period
and the end of the Permian (end of the Paleozoic era). The stratigraphy in southwestern Ontario
only includes formations deposited during the Déaonas well as Quaternary surficial deposits
that are not considered significant in this assessment. This stage includes the erosion of
approximately 1000 m of Carboniferous material overlying the Devonian limestone (Cercone and

Pollack, 1991).

The finalstage in the stress history of the Paleozoic units of the Michigan basin includes
the breakup of Pangea to form the Atlantic Ocean in the Jurassic period and subsequent seafloor
spreading (Sanford, 1985). The current absolute plate motion is directed tibv southwest
(Angus and Gordon, 199Iwhich contributed to the observed orientation of the maximum
horizontal stress in a northeastuthwest orientation in hardrock mines of northern Ontario
(Arjang and Herget,1997), as well as in the upper Palesaoks of the Michigan basin (Palmer
and Lo, 1976; Haimson, 1978; and others). In addition to tectonic compression, multiple
glaciation and deglaciation events of the Quaternary, most notably the Wisconsinan glaciation,

have influenced the stress statdhe rockmass.

5.3.2Rockmass Properties

Geomechanical properties of the rock units were primarily determined from laboratory testing of
core samples collected during the drilling of DGR boreholes between 2007 and 2010. The results
of the laboratory testing pgram and geomechanical properties of the rock units are included in

the DGSM (Intera, 2011) and Geosynthesis reports (NWMO, 2011).
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A detailed compilation of the geomechanical properties used for numerical modelling
included in AppendiX. It shouldbe noted that core samplesre not submitted for
geomechanical analysis from all formations. Where geomechanical properties are absent,

properties of adjacent units and/or units with similar lithology were assumed to be representative.

5.3.3Current Geological Framework

The current geological framework is difficult to assess and model; however, stress reconstruction
of the Forsmark region in Sweden, which has also experienced glaciation, found that the
horizontal extension resulting from glacial isostatic adjigst was approximately equal to the

rate of compression and it was determined that it is not practical to differentiate these stresses
(Martin, 2007). For simplicity, it has been assumed that the current tectonic compression is equal

to the stress reliefaused by isostatic uplift in southern Ontario.

5.4 Numerical Stress Reconstruction

A finite element model was created using Ph¢Recscience, 2011) to determine the vertical
distribution of the minimum and maximum horizontal in situ stresses. Modelsuveuader
completely elastic and isotropic conditions. Induced stresses irdinection are considered
representative of the maximum horizontal stress, while induced stressmane (zdirection)

are assumed to represent the minimum horizontasstemponent.

5.4.1Model Setup and Boundary Conditions

5.4.1.1Geometry

The model was built to scale using formation depths and thicknesses relative tb &@R
DGR-2, expressed in metres below ground surface (mbgs). In total, the model extends to a depth
of 950m, which encompasses almost 100 m of Precambrian basement rock. The horizontal
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dimension is 1000 metres, which is considered sufficient to avoid boundary effects. A query line

was established at the mpdint of the model, from surface to 950 m to recorelss conditions.

5.4.1.2 Boundary Conditions

Fixed vertical displacement boundaries (rollers) were applied to the bottom of the model to
simulate the effect of the underlying Precambrian bedrock. Fixed horizontal displacement
boundaries were applied to the sidéshe model in order to simulate the effect of infinite lateral
extent, thus providing a boundary at which to induce a horizontal stress in the rockmass. Under
vertical loading conditions, a line loé&lapplied at the surface. To simulate the efféttctonic
compression, a horizontal displacement is applied to one side of the model, and the top of the
model is free. In both scenarios, gravity is acting on the block. FigBi#ustrates the model

geometry and boundary conditions for the verticatling and horizontal displacement scenarios.

\l, gravity

Vertical loading (line load) \l, gravity

IR
=

Fixed horizontal

| I
| |
i I
i I
| Il
| |
| |
i Query OE displacement :QL_Jerv
' line (strain) ' line
i i
| |
| I
| I
| I
i i
I
i I
. e

950 m
NoN

=
2, 2,

1000 m

(@) (b)

Figure 5-8: Model geometry and boundary conditions for (a) vertical loading and (b)

horizontal displacement scenarios.
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5.4.1.3Initial Field Streses

The initial field stress conditions are a function of gravidycustom field stress was applied to
each formation in order to simulate the horizontal stressesmhoutof-plane using the
relationship between PoAcemptetesusmaryot i o and vert.i

horizontal/vertical stress ratios are included with the geomechanical properties in Appendix C.

5.4.2Loading Conditions

Three loading scenarios were applied to the stratigraphic sequence: 1) vertical loading only; 2)
fixed horizontal displeement/strain; and 3) a staged scenario where a combination of vertical
loading and horizontal strain was used to provide a best fit to existing stress data. The following
sections outline the rationale for the loading scenario and the magnitude gflibd ap

stresses/strains.

5.4.2.1Vertical Loading

Vertical loading was applied to simulate induced horizontal stresses resulting from additional
overburden material, or glacial ice. Initial loading conditions consist of lithostatic vertical stress
(gravity only),and a uniform distributed load was applied with the following magnitudes
(MN/m?: 2.6, 5.2, 10.4, and 26. An equivalent thickness of rock or ice has been calculated

based on assumed densities and summarized in Tdble 5
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Table 5-1: Summary of corresponding rock and/or ice thicknesses for given loading

conditions.
Magnitude of Uniform | Approximate Equivalent | Approximate Equivalent Ice
Load (MN/m?) Rock Thickness$” (m) Thicknesg? (m)

0 0 (lithostatic stess/gravity] O (lithostatic stress/gravity

only) only)

26 100 290

52 200 580

104 400 1200

26.0 1000 2900

Notes: (1) Assuming an average density @@kg/m?® (0.026 MPa/m) for rock; and, (2) 900 kg/(0.009

MPa/m) for glacial ice (Menzies, 1995).

5.4.2.2Horizontal Displacement

A fixed horizontal displacement was applied to the model on the vertical boundary in order to
simulate compression and horizontal strain resulting from tectonic thrust of the Appalachian
orogeny. In this scenario, displacementsaplied to one of the vertical boundaries to simulate
horizontal strain, with the opposite vertical side having a fixed horizontal displacement boundary.
The top boundary is free with gravitational stress acting on the block. As with the vertical
loading setup, the bottom is a constrained vertical displacement boundary, simulating the effect

of the underlying pr&€ambrian basement rocks. Displacement values and resultant strain are

summarized in Table-3.
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Table 5-2: Summary of fixed horizontal displacements applied to model and the

corresponding strain value.

Fixed Horizontal

Displacement (m) Strain (m/m)

0.4 4 x 10
0.6 6 x 10*
0.8 8 x 10*
1 1x10°

5.4.2.3Staged Scenario

To simulate the geologiuistory of the sequence, as outlined in Figuig & staged model was
created as follows: 1) deposition of the Cambrian and Ordovician units; 2) deposition of the
Silurian units; and 3) deposition of the Devonian units and burial by 1000 meters of
Carbonferous material. During each stage a fixed horizontal displacement was applied for a total
strain of 0.06%. Therefore, the units deposited in Stage 1 received the full horizontal
displacement, while 2/3 and 1/3 of the total strain was applied to Stagk2tage 3,

respectively. The additional vertical load of 10 MPa to approximate the residual horizontal stress
component locketh following the removal of overburden. Model-sgt and applied

load/displacement for each stage is presented in Fig@re 5
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Figure 5-9: Model setup in Phasé showing staged applied loads and displacements used to
simulate the stress history of the southern Ontario stratigraphic sequence.

5.5 Results of Numerical Modelling

In orderto evaluate the resultant horizontal stress conditions based on the application of various
vertical loading and horizontal displacements. Since the layered sedimentary units comprising
the Michigan basin vary in stiffness, the distribution of the hot&airess is expected to differ

considerably between the limestone/dolostone units and the shale units.

5.5.1Vertical Stress Profile

In the absence of significant topographical relief, which is the case in relatively undisturbed
sedimentary basins, the verfistress conditions can be approximated by the weight of overlying
material. Figure 80 illustrates the contoured vertical stress profile for the Paleozoic sequence in

southern Ontario under only gravitational loading. Although the vertical stress centp®
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increased when additional loading due to glaciation and/or previous burial, it has been assumed
that the vertical component behaves elastically and the present day conditions only reflect the

current burial conditions.

User Data
Sigma YY

Vertical Stress (MPa)
0 10 20 30
0 L 1 1 L 1 I L 1 I 1 1 1 L 1 J

w o W O

300 A

Depth (mbgs)

600 -

750 E
Al PP B PP EPE

-1000
PP T

Figure 5-10: Phasé output showing vertical stress distribution with the resultant stress
profile (right).

5.5.2Horizontal Stress Profile

5.5.2.1Vertical Loading

Additional vertical loading will result in a corresponding increase in the horizstnégs due to
Poi ssonbts effect. The stress distribution

Figure 511.

107

bas
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Figure 5-11: Phase2 output showing the distribution of induced horizontal stresfrom the

vertical application of a load of 10.4 MPa.

As seen in Figure-31, there is a neaniform distribution in horizontal stress conditions
based the applied vertical load. The distribution is a reflection of the heterogeneous nature of the
elastc properti es, s pe c iThHeiresutantistyesstprofite bd3ediorsadl of thé s

vertical loading conditions is presented in Figwg2s
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Main Lithological Maximum Horizontal Stress (MPa)

Units 0 20 40
Till 0 I —
—Gravity
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dolostone 100 ——26Mpa
_ —5.2 MPa
200 - 5 —10.4 MPa
Interbedded shale, ; —26 MPa
dolostone and 300 -
anyhydrite e 0H - Hyd rofrac/overcoril’lg
E°4OO . ® oH - Norton Mine
£
= : ----gH - Borehole imaging
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Figure 5-12 Stress profile showing the horizontastress induced by vertical loading. In the

absence of horizontal strain, the maximum and minimum stress components are equal.

The complete stress profile presented in Figui@ Shows that overall there is a poor fit
to existing in situ stress datahe induced horizontal stresses due to application of 26 MPa
provides a reasonable fit to the data in the upper part of the stratigraphic sequence (greater than
500 mbgs); however, the results do not reflect the estimated in situ stress conditions at lower

stratigraphic units.

5.5.2.2Tectonic Compression

Figure 513 presents the horizontal stress distribution based on the application of a fixed
horizontal displacement boundary to simulate compression resulting from tectonic forces. As

anticipated, the horizontdisplacement applied to the model produced significant variation in
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horizont al stress conditions, where formations

stiffer) take on a disproportionately high amount of the applied stress than the less stiff unit

User Data
Lo Sigma XX

Salina Fm., AO Unit (E = 63 GPa)

Blue Mountain Fm. (E = 5 GPa)

Cobourg Fm., Lower Member (E =39 GPa)

200 ! ) ! 200 ' ad0 ' edo ! 300 ! 1000
Figure 5-13: Phasé output showing the distribution of induced horizontal stress from a
horizontal displacement of 0.6 m, resulting in a strain of 0.06%.

The resultant stress plot for the horizontalpticement/strain scenario is presented in
Figure 514. In this case strain rates of approximately 0.06 to 0.08% provide a reasonable
approximation for the observed stress estimates in the lower stratigraphic units (below 500 m),
but overestimate the stiss conditions in the upper units. Overall, horizontal displacement
simulating tectonic conditions provides a better approximation of the in situ conditions based on

available data.
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Main Lithological Maximum Horizontal Stress (MPa)

Units 100
Till 0 '
Limestone and
dolostone 100 ——e=004%
—¢e=0.06%
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—e=0.08%
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Figure 5-14: Stress prdile showing the maximum horizontal stress induced by tectonic
compression (fixed horizontal displacement/strain).

5.5.3Final Rock Stress Model

The maximum and minimum horizontal stress profile based on the final rock stress model,
incorporating the staged sfises history and calibrated with existing stress data, is provided in

Figure 515(a) and 5L5(b), respectively.
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Figure 5-15. (a) Maximum and (b) minimum horizontal stress profiles based on the-2
dimensional final rock stress model (staged scenario) for the southern Ontario stratigraphic
sequence.
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