
IN SITU STRESS ESTIMATION METHODS  

AND THE  

INTEGR ATION OF NUMERICAL M ODELLING  

FOR STRESS RECONSTRUCTION  

AND FUTURE STRESS EVOLUTION  

 

 

 

by 

 

Steven Nicholas Gaines 

 

 

 

 

A thesis submitted to the Department of Geological Sciences & Geological Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

Queenôs University 

Kingston, Ontario, Canada 

(April , 2013) 

 

Copyright © Steven Nicholas Gaines, 2013 



ii  

 

Abstract 

A reliable estimation of in situ stress orientation and magnitude is necessary for 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 investigations are generally 

limited to the use of hydraulic methods or borehole imaging techniques, which identify borehole 

breakouts and/or borehole deformation.  However, the collection of data in a thrust regime, or in 

horizontally laminated ground, can be difficult and lead to unreliable results.  Moreover, the back 

analysis of stress magnitude from both hydraulic methods and borehole imaging methods are 

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

This research has shown that the magnitude of the axial stress relative to the stresses 

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 shows that the maximum 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 integrated approach to determining the stress conditions at a given site 

using numerical models to simulate the loading history has been evaluated.  A 2-dimensional 

finite element model of the Paleozoic sedimentary sequence of the eastern edge of the Michigan 

basin has shown 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 purpose of estimating 

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 geologic repositories, where estimates of in 

situ stress and future stress change are important. 
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Chapter 1 

Introduction 

1.1 In Situ Stress Estimation Challenges 

In situ stress magnitude and orientation represent important engineering parameters required to 

accurately evaluate the short and long-term 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 significance as 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 numerous 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 range from 10-25% (Amadei and Stephansson, 1997).   

This uncertainty is amplified in anisotropic rockmasses, or 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 typically suited for use in shallow, dry boreholes because 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 program for underground 

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 borehole 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 estimation are incorporated 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 the excavation of a volume of 

material is referred to as excavation induced stress, or post-mining stresses.  In civil and mining 

applications, excavation induced stresses can result in overstressed conditions when the tangential 

stress is greater than the rock strength, 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 

surrounding an excavation by effectively closing or opening fractures adjacent to an excavation, 

which has implications for groundwater flow and contaminant transport.   

The post-mining distribution of stresses around an excavation will influence the physical 

design (dimensions 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 Figure 1-1.  In this case the highest post-excavation stress 
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will be located adjacent to the borehole wall at 90 degrees relative to the orientation of the 

maximum far field principal stress, ̀1. 

 

Figure 1- 1:  Schematic illustration of the stress distribution around a circular excavation 

relative to the orientation of the maximum in situ stress, ̀1.  The shaded portion represents 

the predicted zone of maximum stress 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, in cases where 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 critical for characterizing a rockmass and 

establishing probable failure mechanisms.  As Figure 1-2 illustrates, stress conditions control the 

type of failure expected around an excavation; stress induced failure where stress conditions are 

relatively high, versus structurally controlled, gravity driven failure under low confinement 

conditions.  Adequate estimation of the in situ stress magnitude and orientation, especially for 
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stress induced failure, is one of the parameters contributing to a comprehensive engineering 

design of an underground structure. 

 

 

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 Long-term Waste Storage 

The long-term disposal of radioactive waste associated with nuclear power generation, 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 power.  There has been 
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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, referred to as a deep 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 satisfy 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: 

¶ Geology (including geological history and evolution); 

¶ Geomechanics; and 

¶ Hydrogeology/Geochemistry 

 

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 stress conditions.  Furthermore, over the course of a DGR 

lifespan, understanding of the in situ stress evolution due to long-term climatic 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 9,000 m
3
 of high-level nuclear waste (fuel waste) in 

addition to the greater than 2 million m
3
 of low- and intermediate-level radioactive waste 

(L&ILRW) (LLRWMO, 2012).  Currently high-level 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 the L&ILRW 

until a permanent solution for long-term disposal is found (Figure 1-3). 
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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 cars in the parking lot on the 

right for scale. 

In Canada, the Nuclear Fuel Waste Act (2002) governs the long-term management of 

radioactive waste and the Nuclear Waste Management Organization (NWMO) was established to 

determine the best approach to manage radioactive waste created as a by-product 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 

Paleozoic sedimentary rocks of southern Ontario to host a DGR for low- and intermediate-level 

radioactive waste (L&ILRW).  This study provided multiple lines of reasoning and concluded 

that the Ordovician shales and limestones in southern Ontario would provide a suitable 

environment for the long-term 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 Paleozoic bedrock (Intera, 2006; 

2008).  At the present time, results of the site characterization activities are being reviewed by the 
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Canadian Nuclear Safety Commission (CNSC) and, with approval of the appropriate 

documentation, the CNSC will grant a license for the 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 1-4).  Site investigation activities for the DGR project, which commenced in 2006 and 

continued to 2011, included drilling of six deep boreholes (DGR-1 thru DGR-6) surrounding the 

proposed repository location. 

 

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

Repository (modified from Google Maps, 2012). 

 

1.5 Summary of Site Characterization Investigation Activities for NWMOôs DGR 

Project 

The DGR site investigation program consisted of an extensive core sampling and testing program, 

which included sample collection for petrographic and geochemical analysis, porewater 
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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 Descriptive Geosphere 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 stress estimation, 

and future climate change.  These aspects of the program have contributed to the development of 

the research presented in this thesis. 

1.5.1 Geomechanical Testing 

Estimates of geomechanical parameters are based on the results of core samples collected from 

boreholes DGR-1 thru DGR-6 that have undergone field and laboratory testing to determine their 

physical properties.  Laboratory testing, including uniaxial and triaxial compression tests, direct 

shear tests and long-term strength degradation tests, were completed by CANMET Mining and 

Mineral Sciences Laboratories in Ottawa for a suite of samples collected from DGR-2 thru DGR-

6 (Intera, 2011; NWMO, 2011).  Results of the laboratory testing forms the basis for assigning 

geomechanical properties in numerical models of southern Ontario and are presented throughout 

this thesis. 

1.5.2 Stress Estimation 

The in situ stress estimation program has largely consisted of summarizing regional stress data.  

Unlike the Precambrian regions of northern Ontario, where stress information at depth is widely 

available from mining operations in the region (Arjang and Herget, 1997), in situ stress 

measurements in the Paleozoic rocks of southern Ontario is limited.  As a result, regional data 
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from units of similar lithology and/or depth has 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 based on the absence of 

borehole breakouts in DGR-1 thru DGR-4 (Valley & Maloney, 2010).  The methodology, as well 

as assumptions and limitations with the borehole breakout method are detailed in Chapters 3 

and 4.  

1.5.3 Future Climate Change Modelling 

A review of historical climate change, with emphasis on the glacial events occurring during the 

Late Quaternary period, was completed in order to estimate the potential for long-term climate 

change and the associated impacts on a deep geological repository project (Peltier, 2011).  

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 subsurface (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 modelling the 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, respectively. While the focus of 

Peltierôs report (2011) is primarily the 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, regardless of geological setting. 
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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 estimating in situ stress conditions, both current and future.  Due to the interest in 

Canada, as well as other countries, in the long-term storage of radioactive waste products, this 

thesis emphasizes the challenges associated with stress estimation in potential geological 

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 or civil 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 site investigation 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 DGR siting 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 the long-term 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 geological 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 stress response 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 Queenôs University, Kingston, Ontario.  The thesis consists of eight chapters, 

as outlined 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 for the research 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 on the engineering implications 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 

overview of 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, this chapter 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 southern Ontario.  

A review of glacier dynamics is provided in Chapter 6.  Particular emphasis is placed on 

the conditions at the ice-bed interface, and how these conditions may influence the stress 

conditions at depth due to ice sheet advance.  Relevant boundary conditions 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 the long-term stress evolution at a potential 

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 Review 

2.1 Stress Concepts and Nomenclature 

Stress is a tensor, which is defined by a magnitude and orientation, as well as the plane that the 

stress is acting upon.  The complete state of stress in three-dimensions can be characterized by 

nine components; three normal components ()̀ and six shear components (Ű), as seen in       

Figure 2-1.  However, because of matrix symmetry, only three shear components are required, 

therefore six unique components can resolve the stress tensor (Figure 2-2). 

                    

Figure 2-1: Visualization of the stress components in 2-D (left) and 3-D (right).  

 

  where,   

Figure 2-2: Matrix expression of the 3-D stress tensor. 

x̱y = y̱x

x̱z = ẕx

y̱z = ẕy
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The principal stress components represent normal stresses oriented such that all shear 

stresses are zero.  These three orthogonal stress components are assigned 1̀, ̀ 2 and ̀ 3 to 

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

2.2 Stress Regime and Andersonôs Faulting Theory 

Anderson (1951) defined stress regimes based on the relative magnitudes of the vertical and 

horizontal stresses in terms of maximum, intermediate and minimum stresses.  In practice, it is 

generally assumed that the vertical stress, v̀, is one of the principal stress directions.  In this 

scenario, the other principal stresses are located in the horizontal plane: maximum horizontal 

stress, ůH, and minimum horizontal stress, ůh.   

When the maximum principal stress is oriented in the vertical direction (1̀ Ґ ˋv) the 

region is considered to be in a normal faulting regime.  Conversely, when the vertical stress is the 

minimum principal stress (̀3 Ґ ˋv), which occurs when the stress field is compressive, then a 

reverse faulting regime dominates.  In the intermediate stress state, where 2̀ Ґ ˋv, strike-slip 

regime occurs.  A comparison between the various stress states and representative faulting 

regimes is illustrated in Figure 2-3. 
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Figure 2-3: Schematic illustration of the relationship between faulting regime and principal 

stress magnitudes based on Andersonôs (1951) faulting theory (after Amadei and 

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 

phenomenon that influence the large-scale, 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 stress generating mechanisms such as 

topography and structure (Zoback, 1992; Ferjerskov and Lindholm, 2000). 
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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 100 ï 1000 km < 100 km 

Stress-

generating 

mechanisms 

¶ Plate tectonic forces: 

ridge push, slab pull, 

basal drag 

¶ Large-scale density 

inhomogeneities: 

continental margin 

¶ Flexural stresses: 

deglaciation, sediment 

loading 

¶ Wide topographical loads 

¶ Topography: fjords 

and mountain ranges 

¶ Geological Features: 

faults, hard and soft 

inclusions 

 

In general terms, the stresses in the rockmass are a function of both the in situ stresses 

and the induced stresses (Figure 2-4).  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 as post-mining stresses, are the stress conditions that 

exist within a rockmass that has been perturbed by excavation, fluid injection or withdrawal, 

applied loads and/or swelling conditions. 
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Figure 2-4: Factors contributing to rock stress (modified from Amadei and Stephansson, 

1997). 

2.3.1 Gravitational 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 

component affects the regional and local stress field.  In the absence of large scale topographical 

relief, the vertical stress, ̀v, 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: 

 

Ἶ ᷿ ὂἯ Ἤὂ
ὂ

      [2-1] 

 

Where:  ́= average density of the overlying material (kg/m
3
) 

  g = gravitational constant (9.81 kg m
2
 s

-1
) 

  z = depth (m) 
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Based on an average rock density of 2600 kg/m
3
 the vertical stress component at a given 

site can be estimated by a lithostatic stress gradient of approximately 0.026 MPa/m.  In cases 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 Figure 2-5a, in the absence of regional stress, the direction of the 

maximum principal stress, ̀1, is oriented vertically at some distance from the mountain; however, 

adjacent to the topographical high 1̀ is rotated in the direction of the high.  At depth, the 

direction of ̀ 1 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 (Figure 2-5b) will cause the principal stress to 

rotate adjacent to and beneath the valley. 
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a.  

 

 

 

b.   

Figure 2-5: Finite element model (Rocscience, 2011) showing the distribution of stress 

trajector ies under gravitational loading based on a (a) large topographical load and (b) a 

valley. 
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2.3.1.1 Glacially 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 conditions.  In 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 Ontario (Dyke et al., 2002; Peltier, 

2011). 

From Equation 2-1, and based on an average ice density of 900 kg/m
3
 (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 stored in the rock.  In southern Ontario, very high horizontal stress ratios near surface 

have, in some cases, caused bulking or ñpop-upsò (Lo, 1978). 

 A complete analysis of the sources of glacially induced stresses and the resultant 

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

2.3.2 Plate 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) have sub-divided tectonic forces 

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

 

Broad scale tectonic 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, which are closely 

aligned with plate trajectories and absolute plate motion direction, as presented in Figure 2-7. 
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Figure 2-7: Stress map of North America and western Europe, showing maximum 

horizontal stress (ůH) for A and B quality 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 direction (Angus and Gordon, 1991). 

 

2.3.3 Residual 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 broadly 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 formation, re-crystallization or cementation.  In 

general, these stresses would be overprinted by subsequent burial and loading, or compression 

resulting from broad-scale tectonic events.  Based on work at the underground research laboratory 

in Manitoba, researchers concluded that residual stresses were insignificant relative to the total 

stresses at depth (Cuisiat and Haimson, 1992).  

2.3.4 Terrestrial Stress 

Terrestrial stresses include the induced stress effect from diurnal and seasonal variations in 

temperature, Moon pull and Coriolis force (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 and Horizontal Stress 

Horizontal stresses are induced by vertical loading where the rock is continuous and laterally 

confined.  The relationships between vertical load and induced horizontal stress provide a useful 

first approximation of the lower bound magnitude of 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 models, which is expected based on a 

combination of first-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 component. 

The following sections briefly describe 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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2.4.1 Isotropic Rockmass 

In a continuous, homogeneous, isotropic and 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 

vertical and horizontal stress takes into account the ratio of lateral and horizontal strain, Poissonôs 

ratio,v, through the following relationship: 

 

           [2-2] 

 

This model provides a simplistic interpretation of induced horizontal stresses, 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 of the top slice of the earthôs crust as follows: 

 

 πȢςυ χ%πȢππρ
ρ

ὤ
)    [2-3] 

  

Where: E = Youngôs modulus 

 z = depth (m) 

 

As illustrated in Figure 2-8, the Sheorey model correlates well with the upper and lower 

bound estimates of stress ratio empirically 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). 

 

Figure 2-8: Comparison of the various models for horizontal to vertical stress ratio with 

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 

anisotropic behavior due to bedding/layering, while metamorphic rocks may have 

foliation/schistosity that contributes to their anisotropy, as seen in Figure 2-9.  On the regional 
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scale, sedimentary basins consisting of alternating shale and limestone formations would also be 

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

 

                    
Limestone outcrop southwest of Ottawa          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 analysis of stresses 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 an undeformed sedimentary basin, the plane of anisotropy is the horizontal 

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

 

 ὺᴂ
%

%ᴂ
Ͻ
ρ

ρὺ
     [2-4] 

 

Where: E, Eô = Youngôs moduli in the plane of transverse isotropy and normal to the 

plane of transverse isotropy, respectively. 

v, vô = Poissonôs ratio in the plane of transverse isotropy and normal to the 

plane of 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/Eô ~ 2) in the shale formations to weakly anisotropic (E/Eô ~ 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 

metres below ground surface) represent an upper bound on the elastic anisotropic behavior 

expected from the units. 

2.5 In Situ Stress Determination 

Methods for determining stress conditions have been summarized in the following series of five 

International Society of Rock 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 of pre-existing 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 Method (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 refer to as the Final Rock Stress Model (FRSM), as illustrated in Figure 2-10. 
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Figure 2-10: Schematic illustration showing the stages of a comprehensive in situ stress 

estimation program and implementation into a 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 to site 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 geomechanical data (including 

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. 

2.5.1 Stress Estimation 

At the preliminary stage of a geotechnical site investigation program an estimation of the 

potential in situ stress conditions will assist in planning an appropriate site investigation and in 

situ stress measurement program.  The World Stress Map (WSM) project is an online tool that 

provides a means of quickly accessing a large database of in situ stress measurements collected 

around the world (Heidbach et al., 2008).  Although a somewhat crude interpretation of in situ 

stress conditions, this dataset provides an adequate preliminary interpretation of stress magnitude 

and orientation, as illustrated in Figure 2-11. 
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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 classified 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 the data, caution must be exercised when relying on data extracted from the WSM 

because of the assumptions and limitations associated with each method. 

2.5.2 Stress Measurement and Stress Indicators 

In situ stress measurement refers to the techniques that can be used to determine 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 ñmeasurementò of the stress per se, the techniques are based on measurements of strain, 
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deformation or water pressure which are then used to back calculate the undisturbed far field 

stress conditions.  Other, more indirect methods of estimating stress from borehole investigations, 

include the use of borehole imaging methods, such as the optical televiewer or acoustic 

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

overstressed conditions along the borehole wall and/or deformation.   

2.5.3 Numerical Stress Reconstruction 

Numerical models represent a potential tool for assessing in situ stress conditions for sites where 

limited direct stress estimates are available or where complex geology makes stress interpretation 

difficult.  In order to accurately determine 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 techniques, rationale and results of numerical stress estimation southern Ontario is 

presented in Chapter 5.  An assessment of the stress evolution resulting from glaciation is 

summarized in Chapter 7. 
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Chapter 3 

In Situ Stress Estimation in Deep Borehole Investigations 

3.1 Stress Measurement in Boreholes 

An understanding of magnitude and orientation of the principal stresses is important at the early 

stages of mining and underground civil engineering projects.  At the preliminary stage of a 

geotechnical site investigation, where it is 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 measurement techniques used in boreholes 

include overcoring methods and hydraulic 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 an existing underground 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 

methods, which include the analysis of borehole deformation and/or borehole breakouts, 

represent an indirect method of stress estimation, which is commonly used to determine stresses 

in deep boreholes.  To provide a best estimate of the stress conditions, it is generally 

recommended that a combination of stress estimation techniques be used to collect data at various 

depths (Hudson et al., 2003).   

3.2 Overcoring Methods 

The doorstopper gauge (Leeman, 1969), the United States Bureau of Mines (USBM) gauge 

(Hooker and Bickel, 1974), and soft inclusion cells are three types of instruments commonly used 
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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 inclusion cells such as 

the CSIRO cell use multiple strain gauges at different orientations to determine the 3-dimensional 

strain tensor at a given location.  All three of these instruments have been widely used in industry, 

particularly in mining operations, to estimate 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 limitations 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 properties when 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 properties of the rock (Youngôs modulus and Poissonôs ratio), the in situ 

stress conditions can be back calculated (Sjoberg et al., 2003).  Figure 3-1 illustrates the general 

sequence for the collection of overcoring measurements. 
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Figure 3-1: Comparison between collection of doorstopper gauge measurements and 

USBM/triaxial strain cell measurements. 

 

3.2.1 USBM Gauge 

The United States Bureau of Mines (USBM) deformation gauge method uses cantilever sensors 

mounted on the sides of a pilot hole to measure the diameter 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 thick-walled cylinder formula, the elastic properties of the 

sample can be determined.  Knowing the elastic modulus of the rock, measured displacements 

can be related to the in situ stress conditions.   



 

35 

 

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 used stress measurement 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 (10-50 m).  Similar to other overcoring methods using a 

pilot hole, the technique 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 state) using the USBM 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). 

3.2.2 Doorstopper Gauge 

The doorstopper gauge method is a 2-dimensional 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 intended to determine 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 stress and could 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 to adhere the strain gauges to the rock, a dry borehole is ideal, however 

some glues are available to reduce this limitation (Amadei and Stephansson, 1997). Since each 

test is able to resolve the stresses in a plane perpendicular to the borehole axis, at least three 
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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 completed in one day (Ljunggren et 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.   

3.2.3 Tria xial 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 along the side of the probe at 120
o
 apart.  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 elastic properties of the rock for back analysis of the stress state.  

The major advantage of this type of strain cell is that the 3-D stress tensor can be 

theoretically determined from a single measurement location with some redundancy (12 strain 

measurements for 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 smaller than 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 used less than 50 m from the excavation surface, (Ljunggren et al., 
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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. 

3.2.4 Deep Doorstopper Gauge System and Borre Probe 

In order to overcome depth limitations associated with traditional overcoring techniques, Atomic 

Energy of Canada Ltd. (AECL) and the Swedish State Power Board (SSPB) have developed the 

deep doorstopper gauge (DDGS) and Borre probe, respectively.  The deep doorstopper gauge 

system was developed by AECL for use in deep boreholes in highly stressed rock (Thompson and 

Chandler, 1994).  The principal of the tool is the same for the doorstopper gauge, in that a rosette 

of strain gauges is attached to the bottom of a flattened borehole to measure the biaxial stress 

conditions in a plane perpendicular to the borehole axis.  

There are some significant differences, which allow the DDGS to collect measurements 

in deep, water filled boreholes.  Firstly, a remote data logger is 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.  And lastly, an orientation system is included in the tool 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 to 518 m (Ljunggren et al., 

2003). 

The Borre Probe is currently the only 3D overcoring instrument that can be used in deep, 

water filled boreholes (Sjoberg and Klasson, 2003).  Similar to the CSIRO cell, the Borre probe is 

a soft inclusion triaxial cell which is glued to the wall of a pilot hole and requires an intact 

overcored length of approximately 40-60 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 underground storage projects 

(Sjoberg and Klasson, 2003).  The most significant advantage of the Borre probe, similar to that 

of the DDGS is 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 1000 m (Ljunggren et 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 rheological behavior of the rock mass and limitations in terms of highly stressed or 

laminated rock. 

3.3 Hydraulic Methods 

Hydraulic methods, which include hydraulic fracturing or hydraulic testing of pre-existing 

fractures, is a commonly used technique to estimate in situ stress conditions in deep, water-filled 

boreholes.  It is 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 and for depths where traditional overcoring methods are not feasible 

(Ljunggren et al., 2003).   

3.3.1 Hydraulic Fracturing  

Hydraulic fracturing uses pressurized fluid (generally water) to induce a fracture in the borehole 

wall.  The original intent of hydraulic fracturing was 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 fractures (Haimson and Cornet, 2003).   

The set-up for completing a hydraulic fracturing test first consists of installing a straddle 

packer to seal off a borehole interval. The fluid is then pumped from surface into the zone at 
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pressures high enough to induce a fracture in the borehole wall.  The orientation of the fracture 

along the wall provides information on the orientation of the stresses in the plane perpendicular to 

the borehole axis. To determine the orientation of the induced fracture set, an impression packer 

or geophysical logging methods can be used. 

 The analysis of hydraulic fracturing tests assumes the following conditions: 

¶ That the borehole is parallel to one of the principal stresses (i.e. vertical borehole 

with a known or assumed vertical stress component) 

¶ That the fracture propagates in the direction perpendicular to the minimum principal 

stress direction; 

¶ That the fracture (either induced or pre-existing) follows the plane identified in the 

borehole; and  

¶ For estimation of the maximum horizontal stress component, it is assumed that 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 stress, ̀ H, and 

perpendicular to the minimum horizontal stress, h̀, as illustrated in Figure 3-2.   
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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 orientation of the biaxial stresses; 

however, it is the interpretation of the pressure-time graph that provides estimates of the stress 

magnitude in the horizontal plane.  Figure 3-3 presents an example of a pressure-time graph for 

several cycles to illustrate the critical parameters used for determining the far field stresses.   
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Figure 3-3: Schematic pressure-time graph for classical hydraulic fracturing test with 

representative borehole cross-sections showing pressure conditions at breakdown, re-

opening and shut-in (Rutqvist et al., 2000). 

Initially, the fluid pressure in the borehole, Pw, is less than the pressure required to initiate 

a fracture.  During the first pressurization cycle, the peak fluid pressure exceeds the break-down 

pressure, Pb, and a fracture is initiated.  The re-opening pressure, Pr, represents the pressure 

needed to open a pre-existing fracture and is recorded during the second pressurization cycle.  

The difference between the breakdown pressure and the re-opening 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 represents the shut-in 

pressure, Ps, 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 pressure-time graph, 

where a vertical fracture is created: 

 

1) Minimum horizontal stress, ůh, is oriented normal to the vertical fracture.  The magnitude 

of h̀ is equal to the shut-in pressure, Ps. 

 

        ůh = Ps      [3-1] 

 

2) Maximum horizontal stress, ůH, is oriented in the azimuth of the induced fracture 

(assuming a vertically induced fracture).  The following equations for estimating the magnitude 

of ůH are based on the Kirsch solution for induced stresses around a circular excavation.  Based 

on an estimated tensile strength, T, determined through laboratory testing and where infiltration 

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

ůH = T + 3 ůh ï Pb     [3-2] 

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

caused by pore pressure, Po, in the formation. 

ůH ï Po = T + 3(ůh ï Po) ï (Pb ï 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) the re-opening pressure, Pr, can be used in 

the equation in lieu of tensile strength (i.e. T = Pb-Pr).  Uncertainty in determining tensile strength 

is considered to be large and therefore incorporating the re-opening pressure in the equation is 

widely used in practice (Ito et al., 1999; Haimson and Cornet, 2003). 

ůH ï Po = 3(ůh ï Po) ï (Pr ï Po)     [3-4] 
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3.3.2 Poroelastic 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 formation.  In reality, 

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, sedimentary rocks poroelastic effects can affect the 

interpretation of the hydraulic fracturing results.  In this case, the Haimson-Fairhurst criterion, 

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

minimum horizontal stress (Wang, 2000). 

3.3.3 Limitations 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, as well as presence of pre-existing 

fractures. 

3.3.3.1 Fracture Interpretation in Reverse Faulting Stress Regimes 

In reverse faulting regimes, where the vertical stress is the minimum principal stress (ů3), a 

horizontal fracture will be induced along the borehole wall (normal to the vertical stress 

component).  Theoretically, this radial fracture (Figure 3-4) will only provide information related 

to the magnitude of the vertical stress, which is assumed to be equal to the weight of overburden, 

and generally not the primary objective of the stress estimation campaign. 
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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 the theoretical orientation 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 Figure 3-5.  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 shut-in pressure, Ps, represented the minimum horizontal stress.  Based on the 

results of three deep wells, they found that although vertically induced fractures were formed, the 

shut-in pressure corresponded to the vertical stress component.  They suggested that away from 
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the borehole wall, the induced fracture rotated to its preferred orientation relative to the minimum 

principal stress. 

 

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. 

3.3.3.2 Conditions of the Induced Fracture 

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

fracturing has the potential to increase uncertainty in the estimation of stress magnitude (Rutqvist 

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 properties.  However, 

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 fracture re-opens instantaneously; 

however, it is more likely that the fracture opens gradually making the identification of Pr 

difficult.  Lastly, if the fracture does not close completely following initiation, and/or opens 

gradually upon re-pressurization fluid flow within the fracture will result in poroelastic effects 

that may change the interpretation of the maximum horizontal stress, as illustrated in Figure 3-6.   

 

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 (Equation 3-5a), takes the same form as Equation 3-3, without the tensile 

strength component.  Where the fracture is slightly open, there will be some infiltration of 

injected water into the fracture, therefore the re-opening pressure will equal the pore pressure, and 
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the estimate of the maximum horizontal stress will take the form of Equation 3-5b.  In the 

extreme case, where the induced fracture remains open, the injected fluid will fully penetrate the 

fracture and the re-opening pressure will equal the minimum horizontal stress and the maximum 

horizontal stress cannot be determined. 

 

3.3.3.3 Presence of Pre-existing Fractures 

Hydraulic fracturing requires the tested section of borehole be free of fractures such that induced 

fractures are not interacting with a pre-existing fracture.  In addition, geological features such as 

foliation planes, or other incipient planes of weakness such as bedding, may control the 

orientation of induced fractures and produce anomalous test results (Ljunggren et al., 2003).  

Conversely, the lack of induced fracturing is equally problematic.  Experience from AECLôs 

Underground Research Laboratory (URL) 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 all (Thompson and Chandler, 2004). 

3.3.4 Hydraulic Testing of Pre-Existing Fractures (HTPF) 

The hydraulic testing of pre-existing 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 are used instead 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 enclose the fracture.  As in hydraulic fracturing, pressurized fluid is then pumped 

down hole in order to re-open the existing joint/fracture.  This method assumes that the fracture 

propagates in the same plane as identified in the borehole, and that the shut-in pressure, Ps, 
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represents the normal stress acting on the fracture surface, as illustrated in Figure 3-7 (Ljunggren 

et al., 2003). 

 

Figure 3-7: Set-up for the hydraulic testing on a pre-existing fracture. 

 

Since the stress determined as a result of a HTPF test is only 1-dimensional, a theoretical 

minimum of six tests, all of different orientations, are required to calculate the complete              

3-dimensional stress conditions.  However, Haimson and Cornet (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 and even more 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 difficulty 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).  Borehole 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 boreholes is particularly 

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. 

3.4.1 Borehole Geometry 

In practice, the cross-sectional 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 the cross-sectional 

dimensions of a borehole at 3 or 4 locations (3-arm or 4-arm calipers/dipmeters) and have 

historically been used to identify borehole elongation (Bell and Gough, 1979).  The ATV is a 

downhole geophysical logging tool that emits an acoustic pulse, which is reflected off the 

borehole wall.  The borehole diameter is determined by calibrating and converting the travel time 

using the known borehole diameter found through caliper logging.  A typical ATV image 

showing a set of diametrically opposed breakouts is presented in Figure 3-8. 



 

50 

 

 

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

orientation, Ŭ1 and Ŭ2, and breakout widths, ɗb1 and ɗb2, are also shown.  
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3.4.2 Borehole Breakout Analysis 

The distribution of stresses around a circular excavation in an infinite elastic medium with 1̀ and 

2̀ representing the maximum and minimum far field stresses, respectively, can be expressed 

using the Kirsch solution, where ̀ɗɗ represents the tangential/compressive stress and ̀rr 

represents the radial stress at a given distance, a,  from the excavation with radius, r (Jaeger et al., 

2007): 

ʎ   ʎ  ʎ  ρ   ʎ  ʎ   ρ  σ ÃÏÓςʃ   [3-7] 

    ʎ   ʎ  ʎ  ρ   ʎ  ʎ   ρ τ  σ ÃÏÓςʃ  [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 Figure 3-9, the maximum compressive 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 exceeded by the induced compressive 

(tangential) stresses acting around a borehole, which results in inelastic deformation or damage 

and fallout (Figure 3-10).  Bell and Gough (1979) were among the earliest researchers to observe 

that the maximum elongation (breakout) was 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 cross-sectional images, which has 

increased the 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 a vertical hole relative to the 

maximum horizontal stress, ̀ H, and minimum horizontal stress, ̀ h (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 cross-section, illustrated in Figure 3-11, include: breakout depth, rb; 

width, ˒ b; and orientation, ̒b.  Estimation of the magnitude of the maximum horizontal stress is 

more complex and has been derived by Barton et al. (1988) and expanded upon by Zoback et 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). 

 

3.4.3 Absence of Borehole Breakouts 

The absence of breakouts, 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 magnitude is a function 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 available, hydraulic fracturing 

methods and the analysis of borehole geometry are two methods that are widely used to estimate 

stress conditions in deep, water-filled boreholes.  The confidence in the estimation of far-field in 

situ stress magnitude is limited by assumptions 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 stress 

estimation.  
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Chapter 4 

Assessment of the Stress Path and Stress Damage around Boreholes: 

Implications for In Situ Stress Estimation1 

4.1 In Situ Properties of the Borehole Wall 

One of the significant limitations with the use of borehole imaging techniques to analyze borehole 

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. 

4.1.1 Borehole Strength 

Martin (1997) compiled laboratory data measuring 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 4-1 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 testing, but 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). 

4.1.2 Modulus Adjacent to the Borehole Wall 

Estimation of modulus around a circular excavation 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 Youngôs modulus, which is controlled by confining pressure (Figure 4-2).  
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Figure 4-2: Relationship between Youngôs modulus and confining stress based on triaxial 

testing of Carboniferous sandstone, Eo = 17.49 GPa (Santarelli et al., 1986). 

 

The results of the PDM show that at zero confinement (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 modulus, Erm, developed by Hoek and Diederichs 

(2006): 

%  %πȢπς  
Ⱦ

ϳ     [4-1] 

 Where: Ei = elastic modulus of the intact rock 

  D = damage factor 

  GSI = geological strength index 

 

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

situ modulus is represented by the intact modulus, Ei.  The modulus of the rockmass, Erm, at 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 from the wall that 

damage is negligible. 

To simulate the effect of borehole softening on the estimation of far field in situ stresses, 

a Phase
2
 finite-element model (Rocscience, 2011) was created.  The maximum tangential stress 

was measured around the borehole wall 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, Erm, decreases from the intact modulus, Ei, at one radius from the borehole wall, where 

it is assuming no damage has occurred to half of the intact modulus, 0.5Ei, at the borehole wall 

(Figure 4-3). 
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Figure 4-3: Cross-section showing the distribution of Youngôs modulus from 0.5Ei at the 

borehole wall to Ei one radius into the rock mass. 

 

The Phase
2 
model described above was run under perfectly elastic conditions with a stress 

ratio of two.  As anticipated, the results illustrated in Figure 4-4 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 around 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 assuming a constant Youngôs modulus, compared to the stresses assuming a 

damaged zone with a decreased modulus around the borehole wall. 

 

The results consistently under-estimated the far field stress state by approximately 25%.  

As a result, the upper limit of stress, based on the absence of borehole breakouts, without 

considering the effect of a zone of decreased elastic modulus around borehole wall provides a 

potential under-estimate 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 surrounding rockmass without exceeding 

the ultimate yield strength of the rock.  The induced stresses are dependent on both the maximum 
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stress, ů1, and the confining stress, ů3.  Diederichs (2003) proposed a composite strength envelope 

in order to more accurately relate different failure mechanisms to the stress environment. 

 There are four distinct zones within the composite strength envelope, as illustrated in 

Figure 4-5: unraveling failure, which occurs under low stress and confinement conditions; 

spalling failure, occurring 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 envelope.  Of these 

conditions, the transition zone, or disturbed zone, is the most difficult to assess in situ because of 

the absence of visible damage.   

 

Figure 4-5: Composite in situ strength envelope showing representative 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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4.2.1 Core Sample Damage versus Excavation Damage 

Research has been conducted at Atomic Energy of Canadaôs (AECLôs) Underground Research 

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 determined that 

sample disturbance (damage) increased with increasing depth, as illustrated in Figure 4-6.  Visual 

evidence of disturbance in the core samples included the presence of microcracking, which occurs 

under moderate stress conditions and can be identified by the stress-strain response in laboratory 

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

disking (Martin and Stimpson, 1994).   

 

Figure 4-6: Schematic illustration showing degree of sample damage with increasing depth 

(after Martin and Stimpson, 1994). 
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Based on Figure 4-6, the following stress and damage regimes can be qualitatively assessed: 

¶ No damage - in situ stresses do not exceed damage threshold. 

¶ Moderate damage ï no visible damage, but grain scale microcracking has occurred, stress 

path has exceeded damage threshold. 

¶ Significant damage ï visible damage such as core disking, stress path exceeds rock 

strength. 

 

It is reasonable to assume that the degree 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 determining 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 stress conditions where only 

moderate damage is anticipated because at this stage the damage threshold may be exceeded, 

causing micro-scale damage to the rockmass without manifesting itself in visible damage such as 

spalling or flaking around the borehole. 

4.3  Stress Path and 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 borehole is more complex than the loading/unloading path 

experienced during laboratory testing.  Figure 4-7 schematically illustrates the difference in 

loading/stress path for different laboratory tests and a generalized stress path from two locations 

around a circular 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 

Mart in, 1997). 

 

In the example provided in Figure 4-7 it 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 ̀ 3 = 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 under low confinement) 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 laboratory testing and field observations (Bell and Gough, 1979; Haimson and 

Herrick, 1986; Zoback et al., 1985; Plumb and Hickman, 1985). 

As Figure 4-7 illustrates, the simple, linear loading path that occurs during laboratory 

testing does not account for the complex stress 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 is the ñfinalò stress state that is considered, either in 

laboratory analysis or in stress analysis using a 2-dimensional 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 degradation in the 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 properties of the 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 relationship between stress, in situ field strength and elastic 

modulus. 

 

4.4.1 Stress 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 researchers have shown that stress induced 

fracturing occurs around tunnels at approximately 0.3-0.5 UCS, which represents the lower bound 

strength at the onset of damage (crack initiation) (Diederichs et al., 2004).   
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Furthermore, it has been shown that there is only a modest 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 because it suggests 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 not necessarily 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 borehole, a 3-dimensional 

numerical model has been created.  The traditional approach to estimating induced stresses 

around a borehole is to use a 2-dimensional approach, which in a vertical borehole incorporates 

the maximum and minimum horizontal stress components, but does not include the effect of the 

vertical stress component (refer 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.  

4.5.1 Numerical Modelling Tools 

In order to estimate the stress path around a borehole during drilling, a 3-dimensional elastic 

model was created using the boundary element model, Examine
3D

 (Rocscience, 2010).  For 

simplicity, the borehole is oriented vertically and assumes that the vertical stress, v̀, is one of the 

principal stresses.   

Figure 4-8 shows the model set-up and orientation of the monitoring locations relative to 

the principal stresses.  The stress components (1̀, ̀ 2 and ̀ 3) are recorded at data points oriented 
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parallel to the borehole axis at 0, 45 and 90 degrees relative to the maximum horizontal in situ 

stress direction, ̀H.  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 hole diameter (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 borehole (-3D).  

 

         

Figure 4-8: Examine
3D

 model geometry, reference lines and in situ stress orientations. 



 

68 

 

4.5.2 Initial 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.  Assuming a vertical borehole, the axial stress 

corresponds to ův, with the stresses normal to the axis corresponding to ůH and ůh.  The stress 

conditions have been normalized with respect to the minimum horizontal stress component for 

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

the associated tectonic regime, after Andersonôs (1951) fault classification, is presented in 

Table 4-1. 

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

ůH/ůh ův/ůh 
Relative Magnitude of the Principal 

Stresses (Tectonic Regime*) 

1 0.5 ůH = ůh > ův    (RF) 

1 1 ůH = ůh = ův    (Isotropic) 

1 1.5 ův > ůH = ův     (NF) 

2 0.5 ůH > ůh > ův    (RF) 

2 1.5 ůH > ův > ůh    (SS) 

2 3 ův > ůH > ůh    (NF) 

3 1 ůH > ůh > ův    (RF) 

3 2 ůH > ův > ůh    (SS) 

3 4 ův > ůH > ůh    (NF) 

*NF = normal faulting; RF = reverse faulting; SS = strike-slip 

 It is important to note that the stress conditions summarized in Table 4-1 represent the 

initial far field stresses applied to the model, not the excavation induced stresses.  The secondary 

stresses around the borehole are recorded as ů1, ů2 and ů3 for the maximum, intermediate and 

minimum principal stresses, respectively.  The deviatoric stress, ůdev, which is the difference 

between ů1 and ů3, represents the most useful parameter to evaluate stress related damage and is 

presented throughout the following sections.  
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4.5.3 Stress Path Analysis 

The stress path (̀3 vs ̀ 1) has been plotted for the conditions at the borehole wall where the 

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 loading history of the rock surrounding the borehole at 

different orientations (i.e. 0, 45, and 90 degrees relative to H̀), it 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 history and tectonic regime; however, stress path plots for all initial in situ stress 

states at all monitoring locations are provided in Appendix A. 

 Under conditions where horizontal stresses are equal (ůH/ůh = 1), the stress path around 

the borehole is independent of orientation around the borehole, but is affected by increasing the 

vertical stress component (axial stress).  Figure 4-9 illustrates the loading history for equal 

horizontal stress and increasing vertical stress. 

 

Figure 4-9: Stress path around a borehole with equal horizontal stresses. 
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Under more realistic conditions, where the horizontal stresses are non-equal, the stress 

path is dependent on location around the borehole relative to the maximum horizontal stress.  

Using the case where ůH/ůh = 2, Figure 4-10 illustrates the loading path under increasing axial 

stress conditions. 

 

(a)   
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(b)   

(c)   

Figure 4-10: Stress path for horizontal stress ratio, ůH/ůh = 2 and along 0.01D monitoring 

line: (a) ův/ůh = 0.5 (RF), (b) ův/ůh = 1.5 (SS) and (c) ův/ůh = 3 (NF) 

 

In the case of ůH/ůh > 1, the maximum stress experienced adjacent to the orientation of 

the maximum horizontal stress (i.e. 0 degrees) occurs under high confinement, while the 
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maximum induced stress at 90 degrees peaks at low confinement for reverse faulting and strike-

slip regimes.  When the axial stress increases to the maximum principal stress, ů1, there is a 

change in the stress path.  In this tectonic regime (normal faulting), the maximum induced stress 

experienced at 90 degrees occurs under relative high confinement. 

4.5.4 Distribution of Stress along the Borehole Axis 

Around circular excavations, the stress conditions at the face have been shown to be a significant 

factor in determining the extent and distribution of damage, such as spalling and flaking, in hard, 

brittle rocks (Diederichs et al., 2004).  Figure 4-11 illustrates the distribution of deviatoric stress 

along the borehole wall, at 0 and 90 degrees.  The magnitude of tangential stress estimated by the 

Kirsch solution is provided as a reference. 

 

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

stresses are equal. 
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When the horizontal stresses are equal (ůH/ůh = 1) the axial distribution of stresses around 

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 stress is greater 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 the induced stress behind the face remains constant.  The ófinalô stress conditions 

around the borehole are approximately equal to the tangential stress estimated using the Kirsch 

solution. 

However, under un-equal horizontal stresses, the induced stress magnitude is a function 

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 

horizontal stresses (ůH/ůh = 2.), where the axial stress is the minimum component.  Conversely, 

Figure 4-13 illustrates the distribution of deviatoric stresses when the vertical (axial) stress is the 

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

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

 

As seen in Figures 4-12 and 4-13, 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 distribution 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.  The magnitude of the 

deviatoric stresses along the borehole axis, as illustrated in Figures 4-12 and 4-13, is presented in 

Figure 4-14, where ůH/ůh = 2. 
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Figure 4-14: Distribution of deviatoric stress along the borehole axis at 0 and 90 degrees 

relative to the maximum horizontal stress where ̀H/ h̀ = 2. 

In Figure 4-14 it can be seen that the maximum induced deviatoric stress at 0 degrees 

occurs around the borehole face, independent of the magnitude of the axial stress.  However, at 

90 degrees, the maximum deviatoric stress occurs behind the borehole face when the axial stress 

is less than or equal to the horizontal stresses.  Under normal faulting conditions (ův = ů1), the 

maximum deviatoric stress is encountered around 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 degrees the 2-D Kirsch 

approximation 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 than -0.05D).  In front of the borehole the 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 

approximately -0.05D, the induced stresses around the borehole are steady. 

The distribution of stresses along the borehole axis at distances of 0.01D (borehole wall), 

0.1D and 0.4D are presented in Figure 4-15a and Figure 4-15b to illustrate the radial extent of 

stresses with depth in a reverse faulting regime (ův = ů3) and a normal faulting regime (ův = ů1), 

respectively.  As noted above, the deviatoric stresses are relatively constant in front of, and 

behind, the borehole face.  In Figure 4-15a, under conditions where the 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 significantly higher 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, in a normal faulting 

conditions (Figure 4-15b), the magnitude of the induced deviatoric stress around the borehole 

face decreases away from the borehole wall.   
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(a)  

(b)  

Figure 4-15: Distribution of stresses away from the borehole wall, where ůH/ůh = 2 and in: 

(a) reverse faulting regime and (b) normal faulting regime. 
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4.5.5 Hoop Stress and Comparison to 2-D Solution 

Analysis of the induced stress field around a circular opening (tunnel, shaft or borehole) is 

typically considered to be a two-dimensional problem because the length of the opening is much 

larger than the span (Hoek, 2007).  As such, models for borehole breakout analysis are based on 

the two-dimensional Kirsch solution (Zoback et al., 1985; Barton et al., 1988).  Furthermore, 

laboratory testing that exists to correlate far field in situ stresses with breakout dimensions 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 comparison between deviatoric stress encountered around 

the borehole relative to the Kirsch solution.  Figure 4-16a presents the maximum deviatoric stress 

encountered during the stress history of the monitoring line (0, 45 and 90 degrees relative to H̀).  

The final deviatoric stresses, taken as the stress conditions away from the influence of stresses at 

the borehole face (-3D), are compared to the Kirsch solution in Figure 4-16b. 
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(a)   

(b)  

Figure 4-16: Comparison between the hoop stress around a borehole estimated using the 

Kirsch equation and the stresses estimated using 3-dimensional numerical modelling tools 

for ůH/ůh = 2, where (a) presents the maximum deviatoric stress, and (b) the final deviatoric 

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 the 2-dimensional solution for hoop stress 

when the axial stress is the least principal stress (̀3).  However, as the axial stress increases, the 

discrepancy between the 2-D solution 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 relative to ̀ H remains consistent. 

The maximum deviatoric stress encountered along the borehole axis at 90 degrees from 

H̀ is also comparable to the 2-D solution.  However, the Kirsch solution significantly 

underestimates the maximum stress along the borehole wall adjacent 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 0 degrees is greater than the 

maximum at 90 degrees, when the axial stress becomes the maximum principal stress (1̀). 

4.5.6 Numerical Modelling Limitations and Assumptions 

The Examine
3D

 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 

experienced 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 wall (Nawrocki and 

Dusseault, 1995).   

The distribution of material properties is not accounted for in the Examine
3D

 models, nor 

are the stress changes resulting from pore pressure changes or additional forces from the drill 

string and/or drill bit.  Pore pressure effects 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 borehole.  Therefore, 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 implications of the deviatoric stress path around a borehole 

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

4.6.1 Implications for Borehole Deformation and/or Breakout Analysis 

As shown in the previous sections, under certain in situ stress conditions, the 2-dimensional 

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 control 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 than the final deviatoric 

stresses.  Table 4-2 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 only the stresses 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. 

ůH/ůh ův/ůh 

0 Degrees 45 Degrees 90 Degrees 

Change in 

Deviatoric Stress 

(ůdev(max) ï 

ůdev(final))/ůh 

Change in 

Deviatoric Stress 

(ůdev(max) ï 

ůdev(final))/ůh 

Change in 

Deviatoric Stress 

(ůdev(max) ï 

ůdev(final))/ůh 

1 0.5 0.0 0.0 0.0 

1 1 0.2 0.2 0.2 

1 1.5 1.1 1.1 1.1 

2 0.5 1.4 0.0 0.0 

2 1.5 2.4 0.6 0.0 

2 3 3.5 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 

 

4.6.2 Implications for Hydraulic Fracture Interpretation  

The strength degradation around a borehole due to deviatoric stress conditions exceeding 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 azimuth of the 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 dominant, over-stressed 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 (Figure 4-17).  The consequence for interpretation of hydraulic fracture 
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data is that the in situ tensile 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 cycle re-opening pressure would provide a more accurate 

assessment 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 re-opening pressure from the pressure-time graph. 

(a)   (b)  

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 the 3-dimensional stress path into 

borehole imaging methods, consider 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 is equal to the minimum principal stress (ůH > ůh = ův).  In the 
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second scenario, the vertical stress is increased to 40 MPa, while the horizontal stress conditions 

remain the same.  In this case, the vertical component equals the maximum horizontal stress (ův = 

ůH > ůh). 

The applied strength criteria are based on extensive analysis of Lac de Bonnet granite 

(Martin, 1997).  The upper bound limit of in situ yield strength is based on the Hoek-Brown 

failure envelope (Hoek and Brown, 1997; Hoek et al., 2007) for crack damage identified from 

laboratory testing.  The lower 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 (H-B): UCS = 224 MPa 

    m = 11.13 

    s = 0.379 

Damage threshold:  c̀i = 70 + ̀ 3 
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(a)  

(b)  

Figure 4-18: Stress path plots for scenario (a) where the vertical stress is approximated by 

gravitational loading, and (b) an increased vertical stress due to topography. 
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As illustrated in Figure 4-18, 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 final stresses are comparable to the 2-dimensional Kirsch solution 

at 90 degrees relative to ůH (100 MPa) and 0 degrees to ůH (20 MPa). The stress path at 90 

degrees is similar under both stress states; however the stress history at 0 degrees differs.   

Despite having 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, does exceed the 

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 stress path shows 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 the borehole 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 unaffected by 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 threshold, micro-

fracturing and damage 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 propagation (Diederichs et al., 2004). 
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Chapter 5 

Numerical Stress Reconstruction: Estimation of the In Situ Stress 

Conditions in the Paleozoic Bedrock of Southern Ontario2 

5.1 Numerical Modelling and Stress Characterization 

A comprehensive site investigation for any underground excavation project requires an estimation 

of the stress conditions at depth.  This is particularly true for sensitive projects such as deep 

geological repositories for the long-term disposal of radioactive waste products that require 

strenuous technical review.  In these types of projects, it is expected that the in situ stress 

conditions will be well-defined at the early stages of a project in order to obtain approval and 

licensure from the applicable regulatory agencies.  

As part of a stress characterization program, 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 ódirectô stress measurements exist, either due to lack of resources, or limitations 

imposed by difficult ground conditions, numerical modelling represents a potential method of 

estimating stress conditions.  Figure 5-1 illustrates 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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Figure 5-1: Methodology for conducting an in situ 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 used to estimate 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 confidence in the 

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 stress state 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 Canada such as the 

Michigan basin (Figure 5-2).   
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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 fracturing tests 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, 1989; Rahman et al. 2007).  Furthermore, the high cost 

associated with measuring stress at 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 

constraining the upper bound of stress based on elastic theory, which is highly dependent on 

assumptions on rock mass strength and elastic properties (as discussed in Chapters 3 and 4).  In 
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this case, numerical modeling tools, along with available regional and site specific stress 

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

5.2.1 Geological Setting 

The Michigan Basin is centered over northern Michigan, encompasses an area of approximately 

200,000 km
2
 and reaches a maximum depth of 4,800 metres at its centre (Howell and 

van der Pluijm, 1990).  Southern Ontario is located along the eastern edge of the basin where the 

depth of Paleozoic sedimentary sequence overlying pre-Cambrian metamorphic rock is 

approximately 900 m.  A cross-section through the Michigan basin, showing the relative position 

of southern Ontario, on the eastern edge of the basin, is presented in Figure 5-3. 

 

Figure 5-3:  Geological cross-section through the Michigan basin (NWMO, 2011).  Note the 

large vertical exaggeration.  
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The stratigraphy of the region consists of horizontally bedded limestone and dolostone units 

as well as shale units, all overlying Precambrian gneissic basement rock.  Based on extensive core 

logging in southern Ontario, 34 distinct Paleozoic sedimentary formations have been identified 

(Intera, 2011).  The simplified stratigraphic column is presented in Figure 5-4, while a complete 

stratigraphic column with brief formation descriptions is provided in Appendix B. 

 

Figure 5-4: Simplified stratigraphic column of the Michigan basin in southern Ontario 

(after Intera, 2011) 
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5.2.2 Existing In Situ Stress Data 

The current compilation of in situ stress data, presented in Figure 5-5, is 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 constrained stress values based on borehole imaging of four deep boreholes at the 

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

 

Figure 5-5: Estimated distribution of maximum and minimu m horizontal stresses with 

depth in the Paleozoic sedimentary rocks of Ontario.  Sources: (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 300 metres 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 collected by hydraulic 

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 in southern 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 Appalachian 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 expected 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 point for the following 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 Figure 5-6.  The 

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 setting and geomorphological conditions. 
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Figure 5-6:  Methodology for creating a representative stress model for estimation of 

current in situ stress conditions. 

5.3.1 Geological History 

The historical elements most critical to development of the current in situ stress regime include: 

tectonics, deposition/erosion, and glaciation.  Tectonic forces on the Paleozoic sequence are 

largely a result of the Appalachian orogeny on the eastern edge of the North American plate and 

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

Alleghenian. 

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

dynamic build up and subsequent reduction of vertical in situ stresses, as well as an increase in 
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horizontal stress due to the Poisson effect.  A summary of the primary geological conditions 

influencing the stress regime is provided as Figure 5-7. 

 

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 Ordovician, Silurian, Devonian to the end of the 

Permian and the Mesozoic era to present day. These divisions represent periods of unique 

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

The erosional unconformity between the Precambrian basement rocks and the overlying 

Paleozoic sedimentary sequence represents a disconnect between stress histories, and therefore in 

situ stress conditions.  Stress de-coupling was identified based on a series of stress measurements 

collected 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 the Precambrian 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 situ stresses 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 Cambrian-Ordovician units, 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 Amherstburg Formations, 

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 Devonian, as 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 final stage 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 toward the southwest 

(Angus and Gordon, 1991), which contributed to the observed orientation of the maximum 

horizontal stress in a northeast-southwest orientation in hardrock mines of northern Ontario 

(Arjang and Herget,1997), as well as in the upper Paleozoic rocks 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 state in the rockmass. 

5.3.2 Rockmass 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 program 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 is 

included in Appendix C.  It should be noted that core samples were 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. 

5.3.3 Current 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 adjustment 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 relief caused by isostatic uplift in southern Ontario. 

5.4 Numerical Stress Reconstruction 

A finite element model was created using Phase
2 
(Rocscience, 2011) to determine the vertical 

distribution of the minimum and maximum horizontal in situ stresses.  Models were run under 

completely elastic and isotropic conditions.  Induced stresses in the x-direction are considered 

representative of the maximum horizontal stress, while induced stress out-of-plane (z-direction) 

are assumed to represent the minimum horizontal stress component. 

5.4.1 Model Set-up and Boundary Conditions 

5.4.1.1 Geometry 

The model was built to scale using formation depths and thicknesses relative to DGR-1 and 

DGR-2, expressed in metres below ground surface (mbgs).  In total, the model extends to a depth 

of 950 m, 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 mid-point of the model, from surface to 950 m to record stress 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 sides of the 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 load is applied at the surface.  To simulate the effect of tectonic 

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.  Figure 5-8 illustrates the model 

geometry and boundary conditions for the vertical loading and horizontal displacement scenarios. 

(a)          (b)   

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

horizontal displacement scenarios. 
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5.4.1.3 Initial Field Stresses 

The initial field stress conditions are a function of gravity.  A custom field stress was applied to 

each formation in order to simulate the horizontal stresses in- and out-of-plane using the 

relationship between Poissonôs ratio and vertical stress.  A complete summary of 

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

5.4.2 Loading Conditions 

Three loading scenarios were applied to the stratigraphic sequence: 1) vertical loading only; 2) 

fixed horizontal displacement/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 of the applied 

stresses/strains. 

5.4.2.1 Vertical 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
): 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 Table 5-1. 
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Table 5-1: Summary of corresponding rock and/or ice thicknesses for given loading 

conditions. 

Magnitude of Uniform 

Load (MN/m
2
) 

Approximate Equivalent 

Rock Thickness
(1) 

(m) 

Approximate Equivalent Ice 

Thickness
(2)

 (m) 

0 
0 (lithostatic stress/gravity 

only) 

0 (lithostatic stress/gravity 

only) 

2.6 100 290 

5.2 200 580 

10.4 400 1200 

26.0 1000 2900 

Notes: (1) Assuming an average density of 2600 kg/m
3
 (0.026 MPa/m) for rock; and, (2) 900 kg/m

3
 (0.009 

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

 

5.4.2.2 Horizontal 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, displacements are applied 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 set-up, the bottom is a constrained vertical displacement boundary, simulating the effect 

of the underlying pre-Cambrian basement rocks.  Displacement values and resultant strain are 

summarized in Table 5-2.   
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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
-4
 

0.6 6 x 10
-4
 

0.8 8 x 10
-4
 

1 1 x 10
-3
 

 

5.4.2.3 Staged Scenario 

To simulate the geologic history of the sequence, as outlined in Figure 5-7, a 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 

Carboniferous 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 Stage 2 and Stage 3, 

respectively.  The additional vertical load of 10 MPa to approximate the residual horizontal stress 

component locked-in following the removal of overburden.  Model set-up and applied 

load/displacement for each stage is presented in Figure 5-9. 



 

106 

 

 

Figure 5-9: Model set-up in Phase
2
 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 order to 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 horizontal stress is expected to differ 

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

5.5.1 Vertical Stress Profile 

In the absence of significant topographical relief, which is the case in relatively undisturbed 

sedimentary basins, the vertical stress conditions can be approximated by the weight of overlying 

material.  Figure 5-10 illustrates the contoured vertical stress profile for the Paleozoic sequence in 

southern Ontario under only gravitational loading.  Although the vertical stress component is 
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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. 

 

 

Figure 5-10: Phase
2
 output showing vertical stress distribution with the resultant stress 

profile (right).  

5.5.2 Horizontal Stress Profile 

5.5.2.1 Vertical Loading 

Additional vertical loading will result in a corresponding increase in the horizontal stress due to 

Poissonôs effect.  The stress distribution based on a vertical load of 10.4 MPa is presented in 

Figure 5-11.  
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Figure 5-11:  Phase2 output showing the distribution of induced horizontal stress from the 

vertical application of a load of 10.4 MPa. 

 As seen in Figure 5-11, there is a non-uniform distribution in horizontal stress conditions 

based the applied vertical load.  The distribution is a reflection of the heterogeneous nature of the 

elastic properties, specifically the Poissonôs ratio.  The resultant stress profile based on all of the 

vertical loading conditions is presented in Figure 5-12.   
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Figure 5-12: Stress profile showing the horizontal stress induced by vertical loading.  In the 

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

 The complete stress profile presented in Figure 5-12 shows that overall there is a poor fit 

to existing in situ stress data.  The 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. 

5.5.2.2 Tectonic Compression 

Figure 5-13 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 horizontal displacement applied to the model produced significant variation in 
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horizontal stress conditions, where formations with a relatively high Youngôs modulus (i.e. 

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

 

Figure 5-13: Phase
2
 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 horizontal displacement/strain scenario is presented in 

Figure 5-14.  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 over-estimate the stress 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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Figure 5-14: Stress profile showing the maximum horizontal stress induced by tectonic 

compression (fixed horizontal displacement/strain). 

 

5.5.3 Final Rock Stress Model 

The maximum and minimum horizontal stress profile based on the final rock stress model, 

incorporating the staged stresses history and calibrated with existing stress data, is provided in 

Figure 5-15(a) and 5-15(b), respectively.   
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(a)  

(b)  

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.  






















































































