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ABSTRACT 

As mining depths increase to meet the global demand for minerals and conditions 

become more arduous at many underground mines, understanding of the state of in-situ 

stresses will be increasingly important to ensure the workplace safety. However, current 

stress measurement techniques experience difficulties in obtaining reliable results at low 

costs. Borehole breakout is a drilling-induced phenomenon due to the local stress 

concentration and its geometries are dependent on in-situ stresses. In Australia, breakout 

data is freely accessible as geological and geophysical logging is mandatory. Therefore, 

developing a horizontal stress estimation technique using borehole breakout is not only 

pivotal for the safety of underground operations, but also economically beneficial to the 
mining and petroleum industries. 

Breakout tests conducted in this study revealed that breakout geometries are influenced 

by three principal stresses, indicating the intermediate stress should be considered in 

horizontal stress magnitude estimation. The investigation of laboratory data and 

analytical solutions suggested breakout geometries are not dependent factors, so that 

estimation of both horizontal stress magnitudes is viable. Results also showed that the 

borehole size has significant influence on breakout geometries and an investigation was 

carried out using normal compression tests. An empirical relationship was proposed to 

predict the breakout initiation stress at various borehole sizes.  

Numerical simulation using Particle Flow Code was conducted to study breakout 

development and borehole size effect. The modelling results revealed that breakout 

angular span forms at the early stage of breakout, followed by substantial breakout 

elongation. The borehole size simulation indicated breakout initiated at the borehole 

wall with stress re-distribution from micro-cracking. The study also showed that 

breakout initiation stress decreases with increasing temperature, and larger breakouts 

were observed under high stress conditions when the temperature was over 300 ˚C.  

An estimation technique for horizontal stress magnitudes was proposed based on an 

Artificial Neural Network model and Mogi–Coulomb failure criterion. Using 26 field 

data, the technique estimated the minimum and maximum horizontal stress magnitudes 

at average error rates of 15.05% and 7.62%. Considering its reliability, simplicity and 
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cost, this model is valuable for in-situ stress evaluation and can help improve safety in 

underground operations.  
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1 INTRODUCTION 

1.1 BACKGROUND 
Knowledge of the state of in-situ stress is a precursor to any underground design and 

stability analysis. With the presence of major geological features, horizontal stress 

magnitudes and orientations can alter significantly (Zoback and Healy 1992). These 

changes in horizontal stress can adversely affect the ground conditions and increase the 

likelihood of catastrophic failures, including coal burst. Therefore, it is critical to obtain 

reliable horizontal stress magnitudes and orientations for underground operations to 

identify high risk zones and implement sufficient ground control.  

Currently, the most reliable and popular stress measurement techniques for underground 

operations are hydraulic fracturing and overcoring. Hydraulic fracturing utilises the 

hydraulic fluid to induce tensile fractures around the borehole in a sealed section to 

measure the in-situ stress state. Fractures are produced along the least resistance 

direction, i.e. the plane that is perpendicular to the minimum horizontal stress direction. 

Based on the pressures recorded in multiple hydraulic fracturing cycles, both horizontal 

stress magnitudes can be estimated. This method provides direct measurement of the 

minimum horizontal stress, whereas the maximum horizontal stress needs to be 

calculated subsequently given the value of minimum horizontal stress (Haimson and 

Cornet 2003). On the other hand, the overcoring technique predicts the in-situ stress by 

monitoring the deformation of the borehole during overcoring activities. Based on the 

readings from strain gauges and rock mechanical properties gathered from cored 

samples at the measurement location, both horizontal stress magnitudes can be 

determined (Gray and See 2007). 

Due to increasing urbanisation and infrastructure growth, mineral resources near the 

surface are being exhausted and mining operations are inevitably taking place at deeper 

locations to meet the increasing global demand (Nickless 2016). As mining depths 

increase and conditions become more difficult at many underground mines, knowledge 

of the state of in-situ stresses will be increasingly important to ensure the safety of the 

working environment (Yokoyama and Ogawa 2016). Current stress measurement 

techniques, including hydraulic fracturing and overcoring, suffer from measuring 

reliable stress magnitudes while maintaining low cost (Ljunggren et al. 2003; Gaines et 
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al. 2012), as these techniques require the measurement locations in the borehole and 

cored samples to be elastic. This is generally difficult to achieve in deep mining 

locations or weak strata, where cored samples and the borehole wall are likely to 

fracture prior to stress measurements (Fairhurst 2003; Ljunggren et al. 2003). However, 

horizontal stress magnitudes and orientations in such rock strata are particularly 

important for excavation and support designs since they indicate the high risk zones.  

Borehole breakout, named by Babcock (1978), is a drilling-induced phenomenon that is 

observed in layers where the rock fracture occurs due to the local stress concentration, 

particularly in weak rock strata (Lee et al. 2016). As the tangential stress at the wall 

exceeds the rock strength, rock failures will take place around the borehole. The 

fractures will propagate along the minimum horizontal stress direction and eventually 

result in symmetrical V-shaped void spaces (Gough and Bell 1982; Zoback et al. 1985), 

as displayed in Figure 1.1. For this reason, borehole breakout has been widely used as a 

reliable indicator of horizontal stress orientation since the 1980s (Stock et al. 1985; 

Zoback et al. 2003; Lin et al. 2010; Ask et al. 2015).  

 

Figure 1.1 Borehole breakout 

Many researchers have also argued that the breakout geometric attributes, i.e. angular 

span and depth, are dependent on horizontal stress magnitudes and rock strength 

(Zoback et al. 1985; Haimson and Herrick 1989; Haimson and Lee 2004; Lee et al. 
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2016). Experimental studies investigated breakout behaviours by changing the 

maximum horizontal stress while keeping minimum horizontal and vertical stresses 

constant. Results suggested both geometries increase with increasing maximum 

horizontal stress, although the definitive relationship remains unknown (Haimson and 

Herrick 1986; Herrick and Haimson 1994; Lee and Haimson 2006). 

Given the rapid advancement of borehole imaging technology, using such phenomenon 

to estimate horizontal stress magnitudes has also received significant attention (Gaines 

et al. 2012). Early researchers who attempted to determine the horizontal stress 

magnitudes from breakout geometries were Zoback et al. (1985). They combined the 

Kirsch solution and Mohr–Coulomb failure criterion to define the initial failure zone of 

the breakout. Barton et al. (1988) extended the model and used breakout angular span as 

the input parameter to predict maximum horizontal stress given the magnitude of the 

minimum horizontal stress and uniaxial compressive strength. This approach has been 

successfully used for horizontal stress estimation (Barton et al. 1988; Zoback et al. 2003; 

Chang et al. 2010; Nian et al. 2016; Kim et al. 2017; Molaghab et al. 2017) and has 

been modified by numerous researchers based on different failure criteria (Vernik and 

Zoback 1992; Song and Haimson 1997; Haimson and Chang 2002; Chang et al. 2010). 

The contemporary approach for horizontal stress estimation from borehole breakout is 

the stress polygon method. The technique is based on the model proposed by Barton et 

al. (1988) and Anderson’s faulting mechanism (Anderson 1951), which is capable of 

providing ranges of both horizontal stress magnitudes based on breakout angular span, 

vertical stress and relevant rock information (Zoback et al. 2003; Chang et al. 2010; 

Kim et al. 2017). However, none of the approaches provide exact values of two 

horizontal stresses from borehole breakout data. Hence, there is a need to improve the 

current understanding of breakout mechanisms and relationship with horizontal stress 

magnitudes for the purpose of horizontal stress prediction. 

Since breakouts can be found in weak strata under high stress conditions, it can 

overcome the limitations of existing stress measurement techniques. Rather than point 

stress measurements provided by overcoring or hydraulic fracturing at pre-determined 

layers, a local stress profile along the depth can be constructed if there is sufficient 

breakout data observed in different locations. Since every borehole in Australia is 

geologically and geophysically logged, breakout data and associated rock information 
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are freely accessible. This means using this technique to estimate horizontal stress 

magnitudes does not incur any additional cost, which is attractive compared to other 

approaches. Therefore, developing a horizontal stress measurement technique from 

borehole breakout data is not only pivotal for the safety of underground operations, but 

also economically beneficial to the mining, petroleum and civil industries.  

1.2 PROBLEM STATEMENT 
Despite the efforts of researchers (Zoback et al. 1985; Barton et al. 1988; Brudy et al. 

1997; Zoback et al. 2003; Chang et al. 2010; Song and Chang 2018), the accurate 

estimation of two horizontal stress magnitudes from borehole breakout geometric 

attributes is still a problem with no universally accepted solution. This is mainly 

because the current techniques only use breakout angular span as the input while 

neglecting the breakout depth. The primary reason preventing the use of breakout depth 

is the belief there is a unique relationship between two breakout geometries, which is 

insensitive to horizontal stress magnitudes. This belief led to the conclusion that both 

horizontal stress magnitudes cannot be derived solely from two dependent breakout 

geometries (Sahara et al. 2017). However, this claim was based on experimental 

observations (Haimson and Herrick 1989; Haimson et al. 1991; Herrick and Haimson 

1994; Haimson and Lee 2004; Lee and Haimson 2006), and was not derived from a 

solid theoretical background. Therefore, it is essential to clarify the relationship between 

the two geometries from experimental and analytical investigation.   

Recent experimental studies on breakout have suggested that higher maximum 

horizontal stress always leads to longer and wider breakouts given the constant 

minimum horizontal and vertical stress magnitudes (Haimson and Herrick 1986; 

Haimson and Herrick 1989; Haimson et al. 1991; Herrick and Haimson 1994; Haimson 

and Lee 2004; Lee and Haimson 2006; Lee et al. 2016). On the other hand, the 

influences of the other two stresses have rarely been investigated. In reality, in-situ 

stress is three dimensional and it is believed that each of the three principal stress 

components plays an important role in rock failure (Mogi 1971; Al-Ajmi and 

Zimmerman 2005; Rahimi and Nygaard 2015). Hence, the relationship between 

breakout geometries and minimum horizontal and vertical stresses should be explored to 

develop a horizontal stress estimation technique from breakout data.  
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During the experimental observations, a number of researchers also pointed out that the 

stress required for borehole breakout initiation is inversely proportional to the borehole 

size (radius), especially under laboratory conditions (Haimson and Herrick 1989; Carter 

1992; Cuss et al. 2003; Elkadi and Van Mier 2006; Meier et al. 2013). To model this 

borehole size effect, various theories have been proposed, including the stress averaging 

concept (Lajtai 1972; Carter 1992), fracture mechanics (Bažant et al. 1993) and the 

pressure-dependent linear elastic model (Santarelli et al. 1986; Santarelli and Brown 

1989). Due to the experimental limitation, it is not feasible to monitor stress change and 

fracture initiation within a rock sample precisely in the laboratory. Thus, it is difficult to 

examine the validity of each theory. Although there is a significant body of research on 

the borehole size effect on breakout initiation stress (Carter et al. 1991; Van den Hoek et 

al. 1994; Van den Hoek 2001; Dresen et al. 2010; Papanastasiou and Thiercelin 2010; 

Meier et al. 2013), the influence of borehole size on breakout geometries has not been 

studied. This is particularly important for breakout research at the laboratory scale since 

it contributes to the relationship between breakout geometries and horizontal stress 
magnitudes. 

As briefly discussed in Section 1.1, there have been a series of modified model versions 

of Barton et al. (1988) to construct the relationship between breakout angular span and 

horizontal stress magnitudes based on various failure criteria (Vernik and Zoback 1992; 

Song and Haimson 1997; Haimson and Chang 2002; Chang et al. 2010). However, there 

is no thorough analysis to identify the most reliable failure criterion and the 

determination of whether the intermediate stress should be considered. This lack of 

universal agreement on selecting the failure criterion can lead to poor or misleading 

estimation results when using the model. Hence, it is necessary to compare the effects 

of failure criteria on prediction models and examine their performances on experimental 

and field data. 

Overall, a number of critical research gaps have been identified in breakout research. 

This thesis proposes a combined approach including experimental study, numerical 

simulation, analytical investigation, machine learning and field data validation to 

address these problems and develop a better understanding of borehole breakout.   
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1.3 RESEARCH OBJECTIVES 
The main objective of the thesis research is to develop a technique that can be used to 

estimate the magnitude of horizontal stress based on borehole breakout data. To achieve 

this goal, it is important to solve the problems addressed in Section 1.2. The sub-

objectives are to: 

 Validate the conclusion drawn by previous researchers on the unique 

relationship between breakout geometries that is not influenced by horizontal 

stress magnitudes. Breakout data observations are collected from experimental 

work in this thesis and from the literature. The breakout geometric relationship 

under various horizontal stress combinations is investigated experimentally and 

analytically.  

 Determine the effect of minimum horizontal and vertical stresses on breakout 

geometries.  

 Investigate the borehole size effect on breakout initiation stress. This is achieved 

both experimentally and numerically. Breakout initiation stress is monitored and 

recorded under normal compression tests and a number of approaches are 

proposed to model this relationship. Particle Flow Code (PFC) is a powerful tool 

which can simulate rock behaviour under various conditions. Based on its 

measurement functions, the validity of borehole size effect models is examined. 

 Investigate the influence of temperature on breakout geometries and the 

breakout propagation under the same stress condition. 

 Propose an approach that can estimate horizontal stress magnitudes from 

borehole breakout data. This technique is examined against experimental and 

field data.  

1.4 THESIS STRUCTURE 
This thesis has eight chapters in total: 

Chapter 1: Introduction 

Chapter 1 provides an overview of current stress measurement techniques and the 

potential to predict horizontal stress from borehole breakout. The research gaps in 

borehole breakout study and the thesis objectives are addressed.; 
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Chapter 2: Literature Review 

Chapter 2 presents a literature review of the thesis topic in four sections. The first 

section discusses the procedures and mechanisms of available stress measurement 

techniques, together with their advantages and disadvantages. The second section 

reviews the mechanisms of borehole breakout, borehole size effect and the existing 

constitutive models to estimate horizontal stress from borehole breakout. It is followed 

by a review of numerical simulation techniques on borehole breakout. The last section 

reviews machine learning techniques and their applications in rock mechanics.  

Chapter 3: Experimental Study on Borehole Breakout and Borehole Size Effect 

Chapter 3 has two sections. Section 3.1 presents the investigation of the maximum 

horizontal stress and borehole size influences on breakout geometries based on a series 

of borehole breakout tests using a specially designed true triaxial test apparatus. Then, 

the relationship between breakout angular span and depth is explored. To obtain a better 

understanding of breakout initiation stress under various borehole sizes, normal 

compression tests are conducted and the results presented in Section 3.2. A number of 

methodologies on predicting breakout initiation stress are also compared.  

Section 3.1 has been published in Rock Mechanics and Rock Engineering (Lin et al. 

2020a) and Section 3.2 has been submitted to International Journal of Rock Mechanics 
and Mining Sciences (Lin et al. 2020b). 

Chapter 4: Estimation of Maximum Horizontal Stress Magnitudes from Kriging 

Chapter 3 found that the relationship between breakout geometries is not unique, such 

that both breakout angular span and depth can be used to estimate horizontal stress 

magnitudes. Chapter 4 first presents the experimental data and field data collected from 

published articles and a mine site. Then, a machine learning technique, Kriging, is 

introduced to predict the maximum horizontal stress magnitudes based on both breakout 

geometries. The model is trained by laboratory data and validated against both 

laboratory and field data. In addition, the limitation of the experimental dataset and 

Kriging application to minimum horizontal stress estimation is discussed.  
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Chapter 4 has been published in International Journal of Rock Mechanics and Mining 

Sciences (Lin et al. 2020c). 

Chapter 5: Numerical Simulation on Breakout Development and Borehole Size 
Effect 

Chapter 5 presents the numerical simulation results on borehole breakout and borehole 

size effect using Particle Flow Code. The breakout progressive development is initially 

observed during simulation, and breakout geometries under various stress combinations 

are compared to experimental results in Chapter 3. The theories which explain the 

borehole size effect on breakout initiation are also examined based on the stress–strain 

change and micro-cracking monitored from Particle Flow Code. The influence of 

temperature on breakout geometries and initiation stress is simulated and discussed.   

Chapter 5 has been submitted to International Journal of Mining Science and 

Technology (Lin et al. 2020d). 

Chapter 6: Experimental Study and Combined Horizontal Stress Magnitude 

Estimation from Artificial Neural Network and Constitutive Modelling  

The review of borehole breakout in Chapter 2 found that the influences of minimum 

horizontal and vertical stresses on breakout geometries have not been studied explicitly. 

Hence, Chapter 6 investigates the two parameters by conducting breakout tests. Based 

on the experimental results and data collected from Chapter 4, a comparison between 

constitutive models on minimum and maximum horizontal stress estimations is 

conducted. Results show that it is not feasible to predict minimum horizontal stress 

using constitutive models. To overcome this limitation, an Artificial Neural Network 

(ANN) is implemented to model the relationship between breakout angular span and 

minimum horizontal stress. Based on this analysis, a combined constitutive–ANN 

model is proposed to estimate both horizontal stress magnitudes from borehole breakout 

geometries. This model is then validated against field data and a sensitivity analysis on 

modelling parameters is also conducted. 

Chapter 6 has been submitted to International Journal of Rock Mechanics and Mining 

Sciences (Lin et al. 2020e). 
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Chapter 7: Applicability of the developed models to field cases: additional data 

collection and validation 

Chapter 7 provides the procedures for processing downhole logging data to extract 

breakout geometries and relevant rock information from mine sites. Further against the 

extracted data is conducted to examine the applicability of models proposed in Chapters 

4 and 6 in various field cases.  

Chapter 8: Conclusions and Recommendations   

Chapter 8 summarises the conclusions drawn from each chapter to estimate borehole 

breakout and provides recommendations for future research.  
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2 LITERATURE REVIEW 

Knowledge of the state of in-situ stresses is required for underground design and 

stability analysis. With the presence of major geological features, stress magnitudes and 

their orientations vary accordingly (Zoback and Healy 1992). Changes in stress can 

adversely influence ground conditions and increase the risk of major failures, including 

coal burst. To identify high-risk zones and implement appropriate controls in 

underground operations, reliable estimation of horizontal stress magnitudes is essential.  

As the mining depth increases, obtaining accurate horizontal stress magnitudes is more 

challenging. The two most popular stress measurement techniques, hydraulic fracturing 

and overcoring, are difficult for horizontal stress estimation in weak strata because these 

techniques require the testing section of the borehole and cored samples to be elastic 

(Ljunggren et al. 2003), whereas rock fracture is likely to occur in weak strata, 

particularly at deep locations where in-situ stress is higher. Therefore, it is essential to 

develop a horizontal stress measurement technique that is suitable for these conditions.  

Borehole breakout usually occurs in weak strata, typical creating V-shaped voids in the 

vicinity of the borehole along the minimum horizontal stress direction. As breakout 

geometries are stress dependent (Zoback et al. 1985; Haimson and Herrick 1989) and 

can be easily obtained from existing downhole logging data, they can be used to 

overcome the shortcomings of current stress measurement techniques.  

This chapter aims to demonstrate the importance of developing such technique and 

provides a state-of-the-art borehole breakout study. The chapter has four sections. 

Section 2.1 reviews current stress measurement techniques, including benefits and 

limitations. Section 2.2 focuses on breakout formation mechanisms and the relationship 

between breakout geometries and horizontal stress magnitudes. Section 2.3 reviews 

numerical simulation and its application to borehole breakout. Section 2.4 presents a 

review of machine learning and its application to rock mechanics problems. Machine 

learning is used in later chapters to estimate horizontal stress magnitudes from breakout 

geometries.   
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2.1 REVIEW OF STRESS MEASUREMENT TECHNIQUES 
Estimating in-situ stress magnitudes is vital for geotechnical and mining engineers. This 

section reviews existing stress measurement techniques , including the mechanisms and 

their advantages and disadvantages. Based on the review, the need to develop a 

horizontal stress estimation technique from borehole breakout is discussed.  

2.1.1 Hydraulic fracturing 

Hydraulic fracturing is one of the commonly used methods for stress measurements. It 

was initially used for reservoir productivity stimulation and was applied to stress 

measurement in the early 1960s (Ljunggren et al. 2003). The technique has two major 

types: conventional hydraulic fracturing and hydraulic tests on pre-existing fractures 

(HTPF). 

2.1.1.1 Conventional hydraulic fracturing  

Conventional hydraulic fracturing measurement utilises hydraulic pressure from the 

fluid injection to create tensile fractures around the borehole. To measure the stress at 

the desired depth, a sealed section of the borehole at the location is isolated by the 

impression straddle packer. Fluid is then slowly injected into this interval to apply 

pressure on the borehole sidewall. When the pressure induced tangential tensile stress 

overcomes the tensile strength of the surrounding rock, two fractures will form in 

opposite directions and penetrate along the plane perpendicular to the minimum 

principal stress direction, see Figure 2.1. This is because fluid will break rock in the 

direction where the resistance is lowest. The pressure at this point is called ‘breakdown 

pressure, 𝑃𝑏’.  

Once the fracture is initiated and penetrates through rock, the fluid pressure will 

decrease rapidly. On the termination of fluid injection, the pressure is carefully 

monitored to obtain the steady pressure point, which is called ‘instantaneous shut in 

pressure (ISIP), 𝑃𝐼𝑆𝐼𝑃’. To close the fractures and prepare for the second hydraulic cycle, 

pressure is released from the system. Fluid is then re-pumped into the sealed borehole 

section to re-open the fractures (𝑃𝑟), followed by the same shut-in process. Multiple 

cycles are usually conducted to improve the accuracy of pressure records and hence 
stress estimation. Figure 2.2 illustrates the hydraulic fracturing process.  
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Figure 2.1 Conventional hydraulic fracturing after Lakirouhani et al. (2016)  

As postulated by Hubbert and Willis (1957), if the borehole is drilled vertically and 

parallel to one of the principal stresses, the minimum horizontal principal stress 
magnitude can be calculated as: 

𝝈𝒉 = 𝑷𝑰𝑺𝑰𝑷 (2.1) 

This is because, at the shut-in point, the pressure required to keep the fractures open can 

be roughly equal to the fracture-normal stress, 𝜎ℎ (Haimson and Cornet 2003).  

Based on the Kirsch solution (Kirsch 1898), the tangential stress (𝜎𝜃) at the fracture 

initiation point around the borehole can be expressed as: 

𝝈𝜽 = 𝟑𝝈𝒉 − 𝝈𝑯 − 𝑷𝟎 (2.2) 

where 𝜎𝐻  = maximum horizontal principal stress and 𝑃0 = pore pressure. Since the 

fractures occur along the borehole wall, the radial stress (𝜎𝑟) at the location can be 

neglected. Hence, to induce hydraulic fracture, the tangential stress has to overcome the 

rock tensile strength (𝑇), i.e. 
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𝑻 = 𝝈𝑯 − 𝟑𝝈𝒉 + 𝑷𝟎  (2.3) 

By taking account of breakdown pressure (𝑃𝑏) from the system and minimum horizontal 

stress estimated from shut-in pressure, 𝜎𝐻 can be obtained: 

𝝈𝑯 = 𝟑𝝈𝒉 + 𝑻 − 𝑷𝒃 − 𝑷𝟎 (2.4) 

 

Figure 2.2 Hydraulic fracturing process after Haimson and Cornet (2003) 

Based on Eq. (2.4), it is clear that the tensile strength of the sealed section is required. 

However, cored samples can be fractured during collection and the tensile strength 

gathered in the laboratory may not be representative of the field due to the scale effect 

(Haimson and Cornet 2003). To overcome this issue, an alternative was proposed, 

where two or more cycles of the process are repeated to determine the pressure that re-

opens the fracture (𝑃𝑟). This is because the tensile strength of rock is very low and 

therefore can be neglected after the initial fracture in the first cycle (Bredehoeft et al. 

1976). In this case, Eq. (2.4) can be simplified as: 

𝝈𝑯 = 𝟑𝝈𝒉 − 𝑷𝒓 − 𝑷𝟎 (2.5) 

𝑃𝑏 

𝑃𝑏 
𝑃𝐼𝑆𝐼𝑃 
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Conventional hydraulic fracturing provides a simple way to measure horizontal stress 

magnitudes, so that advanced knowledge of rock properties, such as Young’s modulus 

and Poisson’s ratio, is not essential. This method also offers a very reliable and direct 

measurement of minimum horizontal principal stress at an accuracy of ± 5% (Ljunggren 

et al. 2003). Another advantage of the method is its application to deep locations. In 

theory, hydraulic fracturing can be conducted at any depth as long as the surrounding 

rock is elastic and brittle (Haimson and Cornet 2003). For instance, Hung et al. (2009) 

successfully conducted hydraulic fracturing stress measurement at a depth below 1 km. 

Horizontal stress orientations can be determined because the fracture propagation is 

perpendicular to the minimum principal stress direction.  

However, one inevitable shortcoming of this technique is the accuracy of the maximum 

horizontal principal stress calculation. As the fractures occur on opposite sides of the 

borehole, the stress concentration at the fracture orientation around the borehole is no 

longer elastic and cannot be represented by the Kirsch solution; and the remaining 

apertures at the start of each cycle (Cornet 1993) can cause imprecise recording of the 

re-opening pressure. The variation in estimation can be over ± 20% (Ljunggren et al. 

2003). 

When there are pre-existing weaknesses around the testing section, the injected fluid re-

opens and penetrates through pre-existing fractures instead of the plane perpendicular to 

the minimum principal stress direction since the resistance is much lower along pre-

existing fractures. This disturbance of pre-existing weaknesses can result in misleading 

pressure recording and false stress estimation. Hence, the technique is not suitable for 

pre-existing weaknesses or thinly laminated strata. Hydraulic fracturing is also limited 

by the faulting mechanism. For instance, if the stress field is controlled by reverse 

faulting, where vertical stress is the minimum principal stress as is common in shallow 

coal mines, fractures will be formed in the horizontal plane (Haimson and Cornet 2003). 

In this case, horizontal stress magnitudes or orientations cannot be estimated (Gaines et 

al. 2012). As hydraulic fracturing is a horizontal stress measurement technique, no 

information about the magnitude of vertical stress can be calculated. In addition, if the 

tensile strength is too high and the fluid cannot induce any fracture, horizontal stress 
magnitudes cannot be estimated.   
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2.1.1.2 Hydraulic tests on pre-existing fractures 

Hydraulic tests on pre-existing fractures (HTPF) were initially proposed by Cornet and 

Valette (1984) to overcome some shortcomings of the conventional hydraulic fracturing 

method. HTPF has similar procedures as the traditional method. The only difference is 

that it uses the hydraulic pressure to re-open the pre-existing fractures around the 

borehole rather than inducing fractures from intact conditions. This technique calculates 

the in-situ stress field based on the normal stresses acting perpendicular to pre-existing 

fractures at different orientations, where the normal stresses are determined from the re-

opening process of HTPF. Similar to conventional hydraulic fracturing, the magnitude 

of normal stress is equal to the instantaneous shut-in pressure. Accordingly, it is 

important to gather precise locations and orientations of fractures before starting fluid 

injection. This is usually done by borehole imaging techniques, such as the Mosnier tool 

(Haimson and Cornet 2003). HTPF is shown in Figure 2.3. 

Since HTPF does not induce fractures, it is less limited by geological conditions 

compared to the conventional method. In weak strata, there are more pre-existing 

fractures that may influence the reliability of conventional hydraulic fracturing. In this 

condition, HTPF can effectively use the pre-existing fractures to estimate the principal 

stress magnitudes. By conducting sufficient tests, the 3D stress field can also be 

computed using the method.  

However, due to strict requirements on fracture locations and a large number of tests, 

HTPF is more time intensive than the conventional method. In general, at least 18 to 20 

successful tests are required for a reliable 3D stress interpretation (Ljunggren et al. 

2003). Therefore, HTPF is based on the assumption that the fracture orientation is 

persistent. Distorted fractures can lead to overestimation of shut-in pressure which 

results in inaccurate evaluation of principal stress magnitudes.  
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Figure 2.3 Schematic of HTPF (Gaines et al. 2012) 

2.1.2 Overcoring 

Overcoring is a widely used stress measurement technique in underground excavations. 

The estimation is based on the strain or radial change of a hole during the overcoring 

process. Using various designs and specifications, a range of methods was developed 

with similar procedures and the same principle of linear elasticity and the Kirsch 

solution. Depending on instrumentations and requirements of pilot holes, these methods 

can be divided into three types (Ljunggren et al. 2003): 

 Soft inclusion cells (strain change) 

 Radial deformation cells 

 Overcoring without pilot holes. 

2.1.2.1 Soft inclusion cells  

The concept of soft inclusion cells is to solve the stress matrix based on the local stress 

tensor, where this stress tensor is gathered from the strain changes in the axial direction 

(along the borehole axis), circumferential direction, and 45˚ above and below the 

circumferential direction around the borehole due to the stress relief. By attaching 

highly sensitive strain gauges to the rock around the borehole using temperature-

specific gluing packs, gauges can rapidly become part of the rock and experience 

similar behaviours during overcoring.  
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A borehole is initially drilled to the desired measurement depth. A pilot hole is then 

advanced from the bottom of the borehole at the centre using a barrel. At the completion 

of pilot hole drilling, strain gauges are installed in the hole and glued onto the side of 

the wall at different orientations and angles, so they will experience similar deformation 

of the rock. By then, the equipment is retrieved together with cored rock samples. The 

rock samples are transported to the laboratory for testing to obtain properties including 

Young’s modulus and Poisson’s ratio. Overcoring commences from the bottom of the 

borehole towards the pilot hole to remove rock and induce strain change. This change is 

continuously monitored by the strain gauges. Once the process is completed, the strain 

readings from the strain gauges are collected and used for stress estimation. Figure 2.4 

illustrates overcoring.  

Soft inclusion cell instruments include CSIR, CSIRO HI cell, SCT ANZI cell and Borre 

Probe. Depending on the instrument, calculation equations are slightly different but they 

are all based on the Kirsch solution and elastic parameters. For example, CSIRO HI cell 

incorporates its own correction factors during the stress estimation (Ask 2006): 

𝜺𝜽 =
𝟏

𝑬
{𝑲𝟏(𝝈𝒙 + 𝝈𝒚 ) − 𝟐(𝟏 − 𝒗𝟐)[(𝝈𝒙 − 𝝈𝒚)𝒄𝒐𝒔𝟐𝝓 + 𝟐𝝉𝒙𝒚𝒔𝒊𝒏𝟐𝝓]𝑲𝟐

− 𝒗𝑲𝟒𝝈𝒛} 

(2.6) 

𝜺𝒛 =
𝟏

𝑬
[𝝈𝒛 − 𝒗(𝝈𝒙 + 𝝈𝒚 )] (2.7) 

𝜺𝟒𝟓/𝟏𝟑𝟓˚ =
𝟏

𝑬
[𝜺𝒛 + 𝜺𝜽 ±

𝟒𝑲𝟑

𝑬
(𝟏 + 𝒗)(𝝉𝒚𝒛𝒄𝒐𝒔𝝓 − 𝝉𝒛𝒙𝒔𝒊𝒏𝝓)] (2.8) 

where 𝜎𝑥, 𝜎𝑦, 𝜎𝑧 , 𝜏𝑥𝑦, 𝜏𝑧𝑥, 𝜏𝑦𝑧 are the local stress tensors around the borehole based on 

the chosen coordinate system, as shown in Figure 2.5, 𝜙  = angle from 𝜎𝑥  direction 

according to the coordinate, 𝑣 = Poisson’s ratio, 𝐸 = Young’s modulus, and 𝐾1  to 𝐾4 are 

correction factors that take into account the influence of the glue between the contact of 

gauges and rock, which are usually near 1.  

The soft inclusion cell determines the stress field within one borehole measurement 

only, which is better than most of the techniques, including radial deformation cell 

measurement. This technique provides direct stress measurements for both horizontal 

principal stresses at high accuracy and is considered the most reliable underground 

stress measurement technique (Reinecker et al. 2008). Compared to other overcoring 
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methods, soft stress cells offer 3D stress estimation rather than 2D through a rotational 

and continue logging, except for CSIR. Unlike other soft stress cells, Borre Probe can 

be applied to deep boreholes, even with water infill (Gaines et al. 2012). In addition, the 

CSIRO HI cell can be recovered and re-used to reduce the prohibitive cost (Cai and 

Blackwood 1987; Cai and Thomas 1991). 

 

Figure 2.4 Overcoring procedures (Hakala et al. 2003) 

 

Figure 2.5 Stress orientation around the borehole 

The soft inclusion cell technique also has a number of disadvantages. Unlike radial 

deformation cells, soft stress cells are difficult to recover from the field. Epoxy based 

glue cannot be used in humid and dusty environments, including coal mines (Coetzer 

1997). The thickness of glue and its associated temperature effect may influence the 

accuracy of the measurement. Unbroken long cores of at least 40–60 cm are required for 

successful measurements (Ljunggren et al. 2003), but these can be difficult to obtain in 

𝜙 𝜎𝑥 

𝜎𝑦 

𝜎𝑧 
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high stress zones due to core discing or pre-existing fractures, especially for Borre 

Probe measurement where the measurement location is deep. As the technique assumes 

the rock is elastic and deforms linearly, any discontinuity including joints or a failed 

borehole wall can disturb the measurement and yield unreliable results.  

2.1.2.2 Radial deformation cells 

The operating procedures for deformation cells are similar to soft inclusion cells, where 

the deformation of the pilot hole is monitored throughout the overcoring process. 

Instead of recording strain gauges, deformation cells calculate the horizontal stress 

magnitudes based on the recording of borehole radial change at various orientations 

during overcoring via cantilevers or pins. By considering the stresses around the 

borehole in the x–y plane, as shown in Figure 2.5, the borehole radial displacement can 

be expressed as below (Leeman 1967): 

𝒖𝒓 =
𝒓

𝑬
[(𝝈𝒙 + 𝝈𝒚) + 𝟐(𝟏 − 𝒗𝟐)(𝝈𝒙 − 𝝈𝒚)𝒄𝒐𝒔𝟐(𝝓 − 𝜶) − 𝒗𝝈𝒛] (2.9) 

where 𝑢𝑟 = radial deformation, 𝑟 = radius, 𝛼 = the angle between the 𝜎𝑥 direction and 

the radial measurement. Since multiple radial changes are recorded at different angles, 

the simultaneous equations can be obtained from Eq. (2.9). In conjunction with the 

Young’s modulus and Poisson’s ratio obtained from cored samples under laboratory 

testing, horizontal principal stresses and their orientations can be derived. The two most 

common measurement instruments are the US Bureau of Mine cell (USBM) and 

SIGRA in-situ stress testing (IST). In the Australian coal industry, the most used 

instrument is SIGRA IST. 

Similar to soft inclusion cells, radial deformation cells also provide direct stress 

measurements (Amadei and Stephansson 1997). SIGRA IST has an average success rate 

of 70% over 600 measurements (Gray and See 2007). Cells used in this technique are 

also recoverable and can be used for multiple tests. Since cables are not connected from 

cells to a computer and the monitoring data is extracted after overcoring (Gray 2003), 
theoretically it is not limited by depth.  

However, the technique also has shortcomings. Similar to soft inclusion cells, unbroken 

long cores are required for laboratory testing to collect rock information. Given the 

continuity of the cored sample under high stress conditions, this method is in practice 
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only suitable at shallow depths. A single measurement can only provide 2D stress 

measurement rather than 3D. To obtain a complete 3D in-situ stress field, at least three 

non-parallel boreholes are required (Ljunggren et al. 2003), which is more time 

consuming and economically less favourable compared to soft inclusion cells.  

2.1.2.3 Overcoring without pilot holes 

Doorstopper is a special overcoring method which does not require a pilot hole. Instead, 

the borehole bottom has to be carefully polished to ensure it is flat so that the strain 

gauges can be glued and attached to the rock. Atomic Energy of Canada Ltd. modified 

this instrument for deep measurement, called the Deep Doorstopper Gauge System 

(DDGS) (Thompson and Chandler 2004). Figure 2.6 illustrates the process of DDGS. 

Instead of ‘overcoring’ the rock around the pilot hole, the doorstopper method 

‘undercores’ the rock below the gauges, i.e. the borehole is extended downwards to 

induce strain relief, see step 5 in Figure 2.6. Although the procedures are different, it is 

similar to other overcoring techniques which record the deformation of rock induced by 

drilling and rock removal.  

 

Figure 2.6 Deep Doorstopper Gauge System (DDGS) procedures (Fairhurst 2003) 

Overcoring methods with pilot holes generally require more than 30 cm overcoring 

length, whereas the doorstopper only needs 5 cm (Amadei and Stephansson 1997). As a 

result, the doorstopper is more applicable for deep locations where stress concentration 
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near the borehole is high. It also has a more successful measurement rate in relatively 

weak or broken rock conditions, because a pilot hole is not necessary. With 

modifications, DDGS can be implemented in deep, water filled boreholes (Ljunggren et 

al. 2003).   

Although a pilot hole is not necessary for the doorstopper, polishing and preparing the 

borehole bottom is essential. This can be quite challenging considering the stress 

measurement is conducted at very deep locations. Three boreholes are generally 

required to obtain a complete stress field (Amadei and Stephansson 1997). The 

doorstopper also experiences the same issues as other overcoring methods under pre-

existing fractures and only provides a 2D in-situ stress field.  

2.1.3 Core discing 

Core discing is a phenomenon occurring at the coring bit–rock interface due to the 

tensile stress induced from drilling. When drilling takes place, stress is concentrated 

across the core which results in fractures. If stresses are high enough and the rock is 

brittle, the core is disced into thin chips, as shown in Figure 2.7a. ‘Saddle-shaped’ discs 

are indicative of horizontal stress orientations , in which the convex axis is aligned with 

the minimum horizontal stress direction (Jaeger and Cook 1963; Dyke 1989), see Figure 

2.7b. Hence, core discing has been used in horizontal stress orientation determination.  

Since core discing is a result of drilling and horizontal stress magnitudes, many attempts 

have been made to correlate the in-situ stress magnitudes with core discing (Obert and 

Stephenson 1965; Dyke 1989; Ishida and Saito 1995; Haimson and Song 1995; Kaga et 

al. 2003; Lim and Martin 2010). Obert and Stephenson (1965) conducted drilling tests 

on cylindrical specimens under triaxial conditions to investigate the relationship 

between stress magnitudes and core disc thickness. The experimental results on six rock 

types highlighted that discs are thinner under higher stress combinations than under 

lower stress combinations, suggesting the disc thickness can be used for horizontal 

stress indication.  

By analysing the experimental results, Obert and Stephenson (1965) also proposed that 

the minimum axial stress required for core discing initiation should have the following 

relationship with radial stress: 
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𝝈𝒓 = 𝒌𝟏 + 𝒌𝟐𝝈𝒛 (2.10) 

where 𝜎𝑟  = radial stress applied to the specimen, 𝜎𝑧  = axial stress applied to the 

specimen, 𝑘1 and 𝑘2 are empirical constants that can be derived from experimental data. 

This study also argued that to achieve core discing in the field, two in-situ stress 

conditions should be satisfied: i) the vertical stress should be the least principal stress; 

and ii) the horizontal stress should be high compared to the rock strength.   

 

Figure 2.7 a) Core discing (Lim and Martin 2010); b) stress orientation after Matsuki et 

al. (2004) 

Kaga et al. (2003) conducted 77 stress scenarios on an HQ core through finite element 

analysis. Based on simulation results, Kaga et al. (2003) found that greater depth would 

lead to shorter disc lengths and therefore introduced a new core discing criterion 

considering tensile strength (𝑇):  

𝜎𝐻 direction 

𝜎ℎ direction 

Core Axis 

a 

b 
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𝑻 = −𝑨′𝝈𝒎 + 𝑩′𝝈𝒙 − 𝑪′(
𝝈𝒙

𝟐

𝝈 𝒎
) − 𝑫′(𝝈𝒙 − 𝝈𝒚) (2.11) 

where 𝐴′, 𝐵′, 𝐶′ and 𝐷′ are constants that can be derived from curve-fitting. 𝜎𝑚 = mean 

stress, 𝜎𝑥 and 𝜎𝑦 are horizontal principal stresses. This criterion was validated against 

the experimental results in Sugawara et al. (1978) and Haimson (1995). Based on the 

least-squares method, Kaga et al. (2003) also suggested a relationship between disc 

thickness (𝑡) and core length (𝐿): 

𝑳/𝑹 =
𝒕

𝑹
/[𝟏 + 𝟎. 𝟎𝟐𝟔𝟏 (

𝒕

𝑹
)

−𝟒.𝟑𝟕

] − 𝟎. 𝟎𝟕𝟏𝟔 (2.12) 

where R = core radius. Lim and Martin (2010) analysed the core discing data of Lac du 

Bonnet granite collected from underground excavations. Based on observation, they 

suggested that the core discing initiates if the ratio between maximum horizontal stress 

and tensile strength is over 6.5. A classification system was also introduced by the 

researchers to divide core discing into three categories according to different disc 

thickness, which can be used to estimate maximum horizontal stress, see Figure 2.8. 

Overall, this methodology uses a naturally occurring event during coring, which does 

not incur any additional costs. As core discing is observed in high stress concentration 

zones at deep locations, it is usually used as a stress indication tool (Fairhurst 2003) and 

it is useful for the later drilling process (Ljunggren et al. 2003). Because of its shape 

alignment with horizontal stresses, it can also be used to determine horizontal stress 

orientation (Bankwitz and Bankwitz 1997). 

The major disadvantage of core discing is that the technique cannot consistently provide 

reliable estimation and can only be used as a stress indicator (Ljunggren et al. 2003). 

Coring is not conducted in every borehole which means the critical data might not be 

available. Furthermore, core discing only occurs in limited conditions where the tensile 

strength is overcome by the stress concentration, so that it can only be considered a 

complementary technique.  
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Figure 2.8 Core discing thickness vs the maximum horizontal stress/tensile strength 

with three categories (Lim and Martin 2010) 

2.1.4 Borehole slotter 

Borehole slotter is a 2D stress relief method developed by Bock and Foruria (1984). It 

has the same principles as overcoring to monitor the strain change of rock (Becker and 

Werner 1994). Instead of overcoring the pilot hole, the borehole slotter cuts slots into 

the wall at different orientations. A half-moon shaped radial slot approximately 1 mm 

wide and 25 mm deep is initially cut into the wall of a borehole using a diamond saw, 

while the variation in tangential strain during cutting is recorded by the strain sensor 

mounted in the saw, see Figure 2.9. By cutting three slots that are 120˚ apart, three 
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tangential strain recordings can be collected and the in-situ stresses can be calculated 

with the elastic rock properties.  

 

Figure 2.9 Plan view of borehole slotter (Saati and Mortazavi 2011) 

The primary advantage of the technique is that overcoring is not required for the stress 

measurements. Since the system is connected, the equipment is recoverable and can be 

re-used, while the strain data is continuously recorded during the cutting process. The 

strain sensor is also recoverable and each test only takes around 40 minutes (Bock 

1993). 

The method has some limitations. Once the first slot is cut, the stress field around the 

borehole is disrupted, so the Kirsch solution does not represent the stress field around 

the borehole anymore. This can yield some uncertainties within the estimation. The 

borehole slotter only provides 2D stress measurement and the equipment is designed to 

work for boreholes with diameters over 95 mm, which constrains its applicability to a 

few drill bits such as HQ or PHD bits. In addition, it cannot be implemented in wet 

boreholes and has only been tested in shallow depths (Ljunggren et al. 2003). Similar to 

overcoring, it requires the borehole wall to be elastic to obtain the rock mechanical 

properties.  
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2.1.5 Acoustic emission 

Acoustic emission is a technique developed from the Kaiser effect which was initially 

reported by Kaiser (1953). The theory suggested that when the rock is re-stressed to its 

original stress conditions under uniaxial compression, there is substantial increase in 

acoustic emission activities which can be detected by sensors. The typical acoustic 

emission data is shown in Figure 2.10. This indicates the maximum stress that the rock 

was subjected to underground. To determine the in-situ stress from acoustic emission, a 

series of experimental and field studies have also been carried out (Kurita and Fujii 

1979; Kanagawa et al. 1981; Pestman and Van Munster 1996; Lavrov 2003; Chen et al. 

2006). 

 

Figure 2.10 Typical acoustic emission cumulative count of core sample vs stress 

(Villaescusa et al. 2002) 

Once the core is attained from the borehole, a secondary core is drilled in the middle of 

the core to obtain the sample for testing. The laboratory test is conducted on the sample 

while acoustic emission sensors are attached to the sample for data recording, as shown 

in Figure 2.11. The critical time at which the rate of acoustic emission significantly 
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increases can be found and thus the corresponding stress (take-off point) can be 

determined.  

 

Figure 2.11 Uniaxial compression test with acoustic emission recording (Lehtonen et al. 

2012) 

The main advantage of this method is that the test is conducted in laboratory conditions, 

where data is monitored and collected carefully with high precision. Conducting 

measurement in the field also avoids field based borehole drilling errors in overcoring 

(Lehtonen et al. 2012). Conducting the measurement in the laboratory is also time-

saving, as multiple measurements can be made within one day. As the measurement 

only requires the secondary core, the primary core can also be used for other purposes, 

including sampling. 

Although some researchers have reported stress estimation from this approach was in 

line with the results from experiments and field measurements (Yamshchikov et al. 

1991; Pestman and Van Munster 1996; Seto et al. 1997; Villaescusa et al. 2002; 

Lehtonen et al. 2012), the application of this technique is still limited. This is because 

the explicit relationship between acoustic emission and in-situ stress magnitudes is not 

justifiable. Thereby, the critical time of the change in acoustic emission is not a 
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precisely definable point, so that numerous tests may be required to optimise the stress 

result. Since a number of laboratory tests need to be conducted to determine in-situ 

stress, it is essential to have coring samples with good conditions, i.e. elastic and 

undamaged. These conditions are generally difficult to obtain in weak rock strata under 

high stress, particularly in deep locations.  

2.1.6 Flat jack 

Flat jack is a cost effective method conducted at the surface of the excavation. It was 

developed in the 1950s by Mayer et al. (1951) and Tincelin (1951) for rock mechanics 

application and then adapted for structural engineering in the early 1980s (Gregorczyk 

and Lourenço 2000). The concept is to calculate the stress based on the pressurisation of 

a flat jack in a slot. Two points , A and B, are selected and measured continuously by 

strain gauges, followed by a nearby slot cutting. Afterwards, a flat jack is inserted into 

the slot and pressurised until the distance between A and B is back to the original 

distance. The pressure at this point, the cancellation pressure, is assumed to be the 

average normal stress across the slot. Based on the normal stresses acquired from 

numerous tests, the in-situ stress field can be interpreted. A simple illustration is shown 

in Figure 2.12. 

 

Figure 2.12 Flat jack (Fairhurst 2003) 

The flat jack method is simple, cheap and easy to carry out which rock information is 

not required. It is commonly used in large rock mass and measures the in-situ stress 
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magnitudes with the nearby discontinuities (Li and Cornet 2004), which is more 

representative than laboratory testing (Vogler et al. 1976; Faiella et al. 1983; KIM 1993; 

Rao 1998). It has been successfully implemented in deep mining operations by 

performing a flat jack on the rib (Ageton 1967). Other than measuring stress 

magnitudes, flat jack can also be used to calculate the in-situ rock deformation modulus 

(Li and Cornet 2004; Hoek and Diederichs 2006; Kavur et al. 2015).  

Flat jack is only applicable at the surface of the excavation, where the stress is 

concentrated and likely to induce fracture, which may lead to unreliable estimation of 

stress. This also limits this technique in measuring stress in exploration boreholes and 

rock strata with some distance over and below the excavation. To overcome these 

limitations, Jaeger and Cook (1964) introduced a modified flat jack which attempted to 

extend the measurement to 7 m distance from the rock surface. Due to the practical and 

technical difficulties, this method was not successful and abandoned (Fairhurst 2003).   

2.1.7 Summary  

Reviewing popular in-situ stress measurement techniques including their advantages 

and disadvantages shows that hydraulic fracturing is the most suitable method in 

petroleum or hard rock conditions, where the vertical stress is usually not the least 

principal stress, whereas overcoring is widely used in the coal mining industry due to its 

applicability and reliability. However, most methods need the borehole conditions to be 

elastic and require rock information from cored samples. These conditions are generally 

difficult to obtain in weak strata where stress is high, especially at deep mining depths. 

To overcome the limitations of these methods as mining operations are getting 

increasingly deeper, there is a need to develop a new stress measurement technique.  

Borehole breakout is a drilling induced phenomenon which occurs due to stress 

concentration. It has been argued this phenomenon can be used for horizontal stress 

estimation (Zoback et al. 1985; Barton et al. 1988; Zoback et al. 2003). In Australia, 

every borehole drilled has to be geologically and geophysically logged, which means 

associated breakout information is easily accessible at no cost. The formation 

mechanism also means it is suitable for high stress and weak strata conditions as it is 

not constrained by the depth of measurement and does not induce any damage to the 

borehole, which is advantageous compared to other methods. As breakout can occur at 

multiple layers, a stress profile along depths can also be extracted if a reliable 
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estimation technique is available. Hence, there is the possibility of predicting horizontal 

stress magnitudes from borehole breakout data.  

The next section reviews borehole breakout and its potential for horizontal stress 
estimation.  

2.2 REVIEW OF BOREHOLE BREAKOUT 

Drilling a borehole into a rock mass can disturb the in-situ stress field and re-distribute 

the stresses around the borehole. According to the Kirsch solution (Kirsch 1898; Jaeger 

et al. 2009), the maximum stress concentration for a vertical borehole occurs along the 

minimum horizontal principal stress (𝜎ℎ) direction and gradually decreases towards the 

maximum horizontal principal stress (𝜎𝐻) direction. If the horizontal stress magnitudes 

are high, such that the rock strength is not sufficiently strong to withstand the stress 

concentration, rock failures will take place around the borehole. The fractures will 

propagate along the minimum horizontal principal stress direction and eventually result 

in symmetrical V-shaped void spaces (Gough and Bell 1982; Zoback et al. 1985; Zheng 

et al. 1989 Haimson and Song 1995), as shown in Figure 2.13.  

This phenomenon was reported by Cox (1970), who observed the elongation in the 

borehole diameter in Alberta wells using a four-armed dipmeter. Since the 1960s, 

borehole scanning techniques have advanced significantly and have been widely 

implemented in the petroleum and mining industries (Zemanek et al. 1969; Nelson et al. 

2005; Fowler and Weir 2007; Yaghoubi and Zeinali 2009; Chang et al. 2010; Molaghab 

et al. 2017). This has enabled more detailed and accurate interpretation of borehole 

conditions and breakout shapes compared to results obtained from dipmeters or callipers. 

Borehole breakout has been used as a reliable indicator of horizontal stress orientations 

in sub-vertical boreholes due to its depth alignment with the minimum horizontal stress 

direction (Stock et al. 1985; Zoback et al. 2003; Lin et al. 2010; Ask et al. 2015; 

Malinverno et al. 2016).  
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Figure 2.13 Borehole breakout and its geometries 

As illustrated in Figure 2.13, a borehole breakout has two geometries : depth (𝐿) and 

angular span (𝜃𝑏). Many researchers have suggested that both geometries are dependent 

on horizontal stress magnitudes (Zoback et al. 1985; Haimson and Herrick 1986; Barton 

et al. 1988; Haimson and Herrick 1989; Haimson et al. 1991; Haimson and Song 1993; 

Herrick and Haimson 1994; Haimson and Lee 2004; Lee and Haimson 2006; Lee et al. 

2016; Sahara et al. 2017). Although a significant body of research has been conducted 

in the field, there is no universally accepted method for horizontal stress estimation 

from breakout geometries.  

To identify the research gap and estimate horizontal stress magnitudes from borehole 

breakout, breakout shapes, formation mechanisms, experimental findings and existing 

constitutive modelling are reviewed.  

2.2.1 Breakout shape 

Although a V-shaped breakout is the most common breakout type, two other types of 

breakout shapes are observed in the laboratory: fracture-like and spiral-shaped breakout. 

These three breakout categories are used to review borehole breakout.  

Depth (𝐿) 

Angular Span (𝜃𝑏) 

Radius (𝑅) 
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2.2.1.1 V-shaped breakout 

A V-shaped breakout or ‘dog ear’ shaped breakout, the first type of breakout discovered 

by researchers, is the most common breakout shape appearing in the field as well as in 

laboratories. It was initially found in a series of sedimentary lithology from Devonian to 

Cretaceous, in Alberta, Canada, where boreholes had resembled elongations in different 

wells. A typical cross sectional view of a V-shaped breakout is shown in Figure 2.13. 

2.2.1.1.1 Breakout formation mechanism  

Babcock (1978) named this phenomenon ‘borehole breakout’ and observed that the 

direction of maximum breakout elongation is consistent within the region regardless of 

depth of lithology. Based on the field observation, Babcock (1978) also argued that the 

formation of breakouts was due to the pre-existing joints encountered by drilling bits, 

since orientations of both breakouts as well as joints were at similar angles. Schafer 

(1979) reached the same conclusion from field observation at Austin Chalk, Texas. The 

limitation of Babcock (1978) was discussed by Bell and Gough (1979), as the proposed 

mechanism cannot explain the non-parallelism between breakouts and other equally 

prominent joint sets. Based on stress analysis around the borehole using the Kirsch 

solution (Kirsch 1898), Bell and Gough (1979) suggested breakout formation was due 

to the stress concentration rather than pre-existing joint sets, in the location where the 

in-situ stress field has large horizontal stress magnitudes. This theory was further 

extended by Gough and Bell (1981), who advocated that breakout may infer the 

horizontal stress orientation, which has since been used extensively (Stock et al. 1985; 

Qian and Pedersen 1991; Amato et al. 1995; Zoback et al. 2003; Li et al. 2018). In 

addition, Gough and Bell (1981) reported time-dependency behaviour of borehole 

breakouts in a few Canadian wells, with some breakouts propagated along the minimum 

horizontal stress direction. The time-dependency of breakout geometries was later 

investigated by numerous researchers (Mastin 1984; Kessels 1989; Zheng et al. 1989; 

Schoenball et al. 2014).   

Gough and Bell (1982) attempted to explain the breakout formation through the Mohr–

Coulomb failure criterion, with the mechanism suggesting that breakout initiates at the 

wall and forms a set of shear fractures towards the minimum horizontal stress direction. 

Shear fractures eventually meet at an intersection and the distance from this intersection 

to the borehole wall is the breakout depth, see Figure 2.14. This hypothesis has been 
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observed in numerous experimental studies (Guenot 1990; Haimson and Song 1993; 

Cuss et al. 2003). 

 

Figure 2.14 Breakout depth after Gough and Bell (1982) 

The theory suggested that the angular span is governed by the friction angle (𝜙), such 

that breakout depth and line 𝑂𝐴 forms a right angle; breakout depth can therefore be 

calculated in terms of angular span and borehole radius: 

𝑳 = 𝑹𝐬𝐞𝐜 (𝜽𝒃) (2.13) 

As discussed by Gough and Bell (1982), breakout depth developed under this concept 

generally should be less than 1.08–1.1 times the borehole radius, which did not fully 

represent field observations.  

Based on Gough and Bell (1982), Zoback et al. (1985) also argued that breakout is a 

result of compressive shear failure. The study proposed a constitutive relationship from 

the Kirsch solution and Mohr–Coulomb failure criterion, and reported ‘flat-bottomed’ 

shaped borehole breakouts in the field, see Figure 2.15. It was also suggested that this 

‘flat-bottomed’ breakout is the initial shape at breakout formation, whereas a V-shaped 

breakout is the subsequent propagation due to either inelastic deformation or time-

dependency behaviour.  
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Figure 2.15 ‘Flat-bottomed’ borehole breakouts (Zoback et al. 1985) 

Another failure mode proposed by researchers is tensile spalling (Mastin 1984; Zheng et 

al. 1989; Bažant et al. 1993). The theory suggested that breakout is initiated by extensile 

splitting near the borehole that is parallel to the maximum horizontal stress direction. 

Following the sequential rock spalling and slabbing outwards from the borehole, the 

void zone eventually leads to a pointed V-shaped breakout (Lee and Haimson 1993). An 

illustration is shown in Figure 2.16.  
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Figure 2.16 Extensile splitting of borehole breakout after Bažant et al. (1993) 

A series of researchers have attempted to explain the tensile spalling of rock under a 

high compressive stress zone. Based on uniaxial compressive tests conducted on 

sandstone, Gallagher Jr et al. (1974) addressed the phenomenon from the grain level. 

They suspected that under the uniaxial compressive test, each grain is loaded similar ly 

to the Brazilian test, such that grains will split along the direction and form a tensile 

fracture. In the vicinity of the borehole, rock can also be considered to be under a 

uniaxial compressive condition since the tangential stress is high and radial stress is 

negligible. This enables arrays of grains splitting that are parallel to the maximum 

horizontal stress direction, where an individual grain is split parallel to the minimum 

horizontal stress direction. The grain-splitting concept was observed and supported by 

Haimson and Herrick (1986) from their laboratory investigation. Freudenthal (1977) 

provided another explanation of extensile splitting based on shear dilatancy caused in 

high compressibility and low shear modulus rock. Under high shear stress around the 

borehole, shear dilatancy may produce radial tensile stress, which leads to tensile 

fracture in the region.   

At the same time, a pressure-dependent elastic model was introduced by Santarelli et al. 

(1986). The model postulated that due to the change in Young’s modulus with 

confinement, breakout initiation should occur at some distance from the borehole wall 

rather than at the borehole wall. Santarelli and Brown (1989) later extended this model 

by considering the micro-cracking model proposed by Zaitsev (1985) to represent two 

failure modes. The study stated that, depending on the toughness of the micro-structure, 

micro-cracking can either occur across grains and the matrix (intragranular cracking) or 

Extensile splitting 

 

Rock flake 
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solely along the matrix (intergranular cracking). If intragranular cracking takes place 

given the toughness of grains and matrix are similar, the coalescence of micro-fractures 

will result in extensile splitting. On the other hand, if the toughness of the matrix is 

lower than that of the grain, the intersections between intergranular cracks will lead to 

shear fractures at the macro-scale. Figure 2.17 illustrates the different failure types due 

to micro-fractures. This model has been examined and supported by a series of 

experimental and numerical studies (Haimson and Song 1993; Lee and Haimson 1993; 

Haimson and Lee 2004; Lee et al. 2016). In addition, Van den Hoek (2001) used 

bifurcation theory to explain the fracture mode preference between tensile spalling and 

shear failure and concluded that tensile failure is favoured in stronger and more dilatant 

rock with larger boreholes, whereas weak and non-dilatant rock with a smaller borehole 

is prone to shear failure. 

 

Figure 2.17 Linear elastic model vs pressure-dependent elastic model on borehole 

breakout (Haimson and Song 1993) 

Another failure mechanism was reported by Haimson and Herrick (1986) in their 

experimental study, which found that breakout formation was a combination of tensile 

and shear failures in Indiana limestone. Based on the thin section analysis, it was 

revealed that tensile rupture occurred in the vicinity of the borehole that was sub-

parallel to the maximum horizontal stress direction, followed by the rock slabbing as a 

result of shear failure. This phenomenon has also been observed in other studies (Shen 

et al. 2002; Cuss et al. 2003; Haimson 2007). 
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2.2.1.1.2 Laboratory studies on breakout geometries and horizontal stress magnitudes 

Since the 1980s, a significant body of experimental studies on borehole breakout and its 

relationship with horizontal stress ma gnitudes have been conducted, particularly at the 

University of Wisconsin (Haimson and Herrick 1986; Haimson and Herrick 1989; 

Haimson et al. 1991; Herrick and Haimson 1994; Haimson and Lee 2004; Lee and 

Haimson 2006; Lee et al. 2016).  

Haimson and Herrick (1986) conducted true triaxial tests on Indiana limestone and 

confirmed that borehole breakouts are symmetrical in opposite zones of the borehole 

along the minimum horizontal stress direction. Based on various horizontal stress 

combinations, Haimson and Herrick (1986) also advised that both the breakout depth 

and angular span are directly proportional to horizontal stress magnitudes, so that it is 

possible to derive horizontal stress from breakout data. Findings were further supported 

by the experimental results obtained on Indiana limestone and Alabama limestone from 

Haimson and Herrick (1989).  

While the previous experiments used pre-drilled rock specimens with subsequent 

triaxial loading, Haimson et al. (1991) upgraded the experimental apparatus so that 

drilling could be conducted during triaxial loading. Although results also suggested that 

both breakout geometries are stress-dependent, Haimson et al. (1991) suspected that 

there is a unique relationship between breakout depth and angular span, which may be 

insensitive to horizontal stress magnitudes, see Figure 2.18. Results indicated that it 

might not be feasible to determine two horizontal stress magnitudes solely from 

breakout geometries. This observation has also been reported by a number of 

researchers, which all suggested it is not viable to estimate both horizontal stress 

magnitudes solely from breakout data (Herrick and Haimson 1994; Haimson and Lee 

2004; Lee and Haimson 2006; Sahara et al. 2017). 
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Figure 2.18 The relationship between breakout angular span and depth after Haimson et 

al. (1991) 

Haimson and Lee (2004) and Lee and Haimson (2006) conducted experiments on 

Tablerock sandstone and Tenino sandstone. Results revealed that the increasing 

maximum horizontal stress will always result in deeper and wider breakout under 

constant minimum horizontal and vertical principal stresses. The study also showed the 

importance of the horizontal stress ratio, in which the rates increase in breakout 

geometries with higher minimum horizontal and vertical stresses, see Figure 2.19. The 

implication here is that breakout geometries are also influenced by other two principal 

stresses. With the implementation of acoustic emission, Haimson and Kovacich (2003) 

and Haimson and Lee (2004) were able to monitor breakout development and 

stabilisation throughout the experimental process and determine the appropriate stop 

time for each test. Lee et al. (2016) later used scanning electron microscope (SEM) 

equipment with backscattered scanning electrons (BSE) to observe the micro-cracking 

mechanism of breakouts generated in Tablerock and Tenino sandstones. The 

investigation pointed out that although breakout shapes under the two series of 

experiments were the same (V-shaped breakouts), the micro-cracking modes were 

vastly different. Tablerock sandstone showed intra- and transgranular micro-cracks, 
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whereas Tenino sandstone had intergranular cracks. The numerical simulation by Lee et 

al. (2016) also verified the observations. 

 

Figure 2.19 Relationships between breakout geometries and horizontal stress ratio 

(Haimson and Lee 2004)  

2.2.1.2 Fracture-like breakout 

Haimson and Song (1998) conducted breakout tests on high porosity (22.5%) Berea 

sandstone and found a distinctive breakout shape. This ‘fracture-like’ breakout appeared 

in a narrow slot orthogonal to the maximum horizontal stress direction with constant 

width from the borehole to the breakout tip, see Figure 2.20. Haimson and Song (1998) 

suspected that this was due to the weak bonding materia l (matrix) between quartzitic 

grains, as indicated by the high porosity. Under high anisotropic horizontal stress 

conditions, quartz grains are deboned and spall off. This redistributes stress 

concentration behind the breakout area and leads to progressive breakout failure, and 
eventually forms fracture-like breakout.  

Olsson (1999) suggested that this fracture-like breakout might be due to the empty 

compaction band where grains were washed away by circulating drilling fluid. The 

compaction band was first found by Mollema and Antonellini (1996) in Navajo 

sandstone, where the rock was subjected to pure compaction but zero offset or shear, 

with substantial porosity deduction. Haimson (2001) used micro-graphs to analyse the 

results in Berea sandstone and discovered the compaction band ahead of the breakout 

tip, where a narrow layer of grains was compacted with fewer spaces in-between 

compared to grains in other locations. The fracture-like breakout formation mechanism 
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from the compaction band has been supported by numerous studies (Katsman et al. 

2009; Katsman and Haimson 2011; Rahmati et al. 2019; Wang et al. 2020).  

 

Figure 2.20 Fracture-like breakout (Haimson and Kovacich 2003) 

As V-shaped breakout had been investigated extensively under experimental conditions, 

Haimson and Kovacich (2003) conducted a parametric study on fracture-like breakout, 

including horizontal stress conditions and borehole radius etc. Similar to V-shaped 

breakout, experimental results revealed that the fracture-like breakout depth is strongly 

dependent on horizontal stress magnitudes. The increasing maximum horizontal stress 

always led to deeper breakout depth, providing constant minimum and vertical stresses. 

The finding showed it can be indicative of horizontal stress magnitudes (Haimson and 

Lee 2004; Lee and Haimson 2006). Unlike breakout depth, breakout angular span was 

relatively constant (3.3 ± 0.3 mm) and insensitive to the change in horizontal stress 

magnitudes, confirming that the phenomenon is due to the compaction band. The study 

also showed that the larger borehole radius resulted in longer normalised breakout while 

the drilling rate and fluid rate had no effect on breakout geometries.  

Haimson and Lee (2004) reported a different behaviour of breakout angular span under 

various horizontal stress magnitudes. Rather than a constant angle, the angular span 

varied between 15–45˚ and approached a consistent angle (15–25˚) under a higher 

horizontal stress ratio. In addition, due to the narrow angular span range, Haimson and 

Lee (2004) suggested that it was not possible to determine a clear relationship between 

angular span and in-situ stress.  
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2.2.1.3 Spiral-shaped breakout 

Haimson and Song (1993) reported another breakout shape under uniform horizontal 

stress (𝜎𝐻 = 𝜎ℎ) in Cordova Cream limestone. Under this condition, fractures initiated 

around the borehole surface and extended along high shear stress lines outwards; 

followed by the inwards cracking back to the borehole, shown as a ‘spiral fracture path’, 

see Figure 2.21a. Figure 2.21b shows the final breakout shape from the experiment, 

with randomly distributed breakouts along the borehole exhibiting no obvious bedding 

effect. Haimson (2007) later found that under uniform horizontal stress, three breakouts 

were generated around the borehole in Cordova Cream limestone which were 

approximately 120˚ apart and St Meinrad sandstone, as shown in Figure 2.22a. This 

breakout shape was very similar to the shapes observed in Haimson and Song (1993) 

(Figure 2.21b), which were classified as the same breakout shape.  

 
Figure 2.21  a) Breakout initiation under uniform horizontal stresses = 30 MPa; b) 

breakout generated under uniform horizontal stresses = 40 MPa; after Haimson and 

Song (1993)  

Based on a series of hollow cylinder tests (uniform horizontal stress), Van den Hoek 

(2001) noticed a ‘spiral-shaped’ breakout in weak artificial sandstone. The early 

formation of fractures was similar to that in Haimson and Song (1993) and Haimson 

(2007), where cracks spiralled outwards with shear banding from the borehole. 

However, the individual fracture line did not extend inwards at the later stage of 

breakout development and eventually stabilised with spring lines near the borehole, as 

illustrated in Figure 2.22b. In addition, the high confinement pressure applied would 

cause borehole closure (Van den Hoek 2001; Meier et al. 2013). 

a b 
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Figure 2.22 a) Three randomly distributed breakouts generated under uniform horizontal 

stress (Haimson 2007); b) spiral shaped breakout (Meier et al. 2013) 

Crook et al. (2003) argued that both breakouts in Figure 2.22 can be considered a spiral-

shaped breakout as the fracture mechanisms are essentially the same under uniform 

horizontal stress. Based on the simulation results, the study suggested that the different 

shapes were due to the ratio between specimen radius to borehole radius. A higher ratio 

(10:1) would lead to ‘spiral-lines’ (spiral-shape 2), whereas the former shape (spiral-

shape 1) was a result of a lower ratio (3:1). Another explanation was provided by Meier 

et al. (2013), who suggested that the fracture line (shear band) was governed by the 

frictional coefficient, see Figure 2.23. A higher frictional coefficient would result in the 

shear plane moving close to the borehole and forming spiral-shape 1, while a lower 

frictional coefficient would cause a wider angle between the shear plane and borehole 
and induce spiral-shape 2.    

 

Figure 2.23 Frictional coefficient controlled fracture plane (Meier et al. 2013) 
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Recently, Duan and Kwok (2016) were able to reproduce both spiral-shaped breakouts 

using a discrete element model with the same synthetic rock, see Figure 2.24. The only 

difference between the two breakouts in the numerical model was particle size 

distribution; and this parameter had negligible influence on rock mechanical properties 

based on a comparative analysis. Simulation results show that spiral-shape 1 was due to 

particle size heterogeneity (maximum to minimum particle size ratio = 1.8) and spiral-

shape 2 can be produced by more uniform particle size (maximum to minimum particle 
size ratio = 1.4).  

 

Figure 2.24 a) maximum to minimum particle size ratio = 1.4; b) maximum to minimum 

particle size ratio = 1.8 (Duan and Kwok 2016) 

Figure 2.25 shows the stress analysis around the borehole wall, indicating that the 

heterogeneous model has more tangential stress fluctuation compared to the uniform 

model. Such fluctuation can induce crack localisation and create spiral-shape 1 under 

uniform horizontal stress conditions. Nevertheless, the spiral-shaped breakout formation 

requires uniform horizontal stress conditions, which generally will not be encountered 

in the field condition. It is difficult to derive meaningful horizontal stress information 

due to the randomness of the breakout shape.  

a b 
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Figure 2.25 Tangential stress around the borehole at different angles with various 

particle size models: a) horizontal stress magnitudes = 20 MPa; b) horizontal stress 
magnitudes = 40 MPa (Duan and Kwok 2016) 

2.2.2 Existing constitutive models for horizontal stress estimation from borehole 

breakout  

Determining horizontal stress magnitudes from borehole breakout geometries (V-

shaped breakout) is an important topic in rock engineering that has been investigated in 

the past four decades. However, there has not yet been a universally accepted method. 

This section reviews the existing approaches of horizontal stress estimation from 

borehole breakout.  

2.2.2.1 Mohr–Coulomb  

As briefly discussed in Section 2.2.1.1, Zoback et al. (1985) was a pioneering study 

which attempted to determine horizontal stress magnitudes from breakout geometries. 

The study calculated stress magnitudes around the borehole at every point using the 

Kirsch solution (Kirsch 1898):  

         𝝈𝜽 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +
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∆𝑷𝑹𝟐

𝒓𝟐
                          (2.14) 

𝝈𝒓 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 −

𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) × (𝟏 − 𝟒

𝑹𝟐

𝒓𝟐
+ 𝟑

𝑹𝟒

𝒓𝟒
) 𝒄𝒐𝒔𝟐𝜽 +

∆𝑷𝑹𝟐

𝒓𝟐
                   

(2.15) 
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𝝉𝒓𝜽 = −
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) (𝟏 + 𝟐

𝑹𝟐

𝒓𝟐 − 𝟑
𝑹𝟒

𝒓𝟒
)𝒔𝒊𝒏𝟐𝜽 (2.16) 

where 𝜏𝑟𝜃 = tangential shear stress, 𝜎𝜃 = tangential stress and 𝜎𝑟  = radial stress,  𝑅  = 

radius of the borehole, 𝑟 = distance from the centre of the borehole (𝐿 = breakout depth), 

𝜃  = azimuth measured from the maximum horizontal principal stress direction, as 

illustrated in Figure 2.26, ∆𝑃 = difference between mud pressure and pore pressure (𝑃0). 

 

Figure 2.26 Half a borehole breakout after Zoback et al. (1985) 

Zoback et al. (1985) then combined the Kirsch solution and Mohr–Coulomb failure 

criterion to govern the breakout geometries. In other words, the radius of the Mohr 

circle (𝑅𝑀) should be equal to the distance from the centre of the Mohr circle to the 

failure envelope at breakout boundaries, as shown in Figure 2.27. 

𝑅 

𝐿 

𝜃 

1

2
𝜃𝑏  

𝑆𝐻 
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Figure 2.27 Mohr–Coulomb failure criterion after Zoback et al. (1985) 

The radius of the Mohr circle can be simply expressed based on the Kirsch solution: 

[(
𝝈𝜽 − 𝝈𝒓

𝟐
)

𝟐

+ 𝝉𝒓𝜽
𝟐]

𝟏
𝟐 (2.17) 

whereas the distance from the centre of the Mohr circle to the failure envelope can also 
be calculated: 

𝝁 × (
𝝈𝜽 + 𝝈𝒓

𝟐
+ 𝝈𝜽)

√𝝁𝟐+𝟏𝟐
 (2.18) 

At the breakout boundary, these two equations should be equalised: 

 [(
𝝈𝜽 − 𝝈𝒓

𝟐
)

𝟐

+ 𝝉𝒓𝜽
𝟐]

𝟏
𝟐 =

𝝁 ×
𝝈𝜽 + 𝝈𝒓

𝟐
+ 𝝉𝟎

√𝝁𝟐+𝟏𝟐
 (2.19) 

in which 𝜇 = coefficient of friction, 𝜏0  = cohesive strength. Assuming the Navier 

Coulomb failure criterion applies, Eq. (2.19) can be re-expressed as: 

𝝉𝟎 = (𝟏 + 𝝁𝟐)𝟏/𝟐[(
𝝈𝜽 − 𝝈𝒓

𝟐
)𝟐 + 𝝉𝒓𝜽

𝟐]𝟏/𝟐 − 𝝁(
𝝈𝜽 + 𝝈𝒓

𝟐
) (2.20) 

For particular rock strata, the cohesive strength should be the same. Therefore, Eq. (2.20) 

at breakout depth and angular span (𝜃𝑏  = 180˚ - 2𝜃) should be equal to each other, i.e. 

𝝉𝟎(𝑹, 𝜽) = 𝝉𝟎(𝑳, 𝝅/𝟐) (2.21) 

As the difference between the pore pressure and mud pressure (∆𝑃) is relatively low, 

they were neglected during estimation. By substituting Eq. (2.14)–(2.16) into Eq. (2.21), 

the following relationships can be rearranged: 

Centre 

𝑹𝑴 

Failure envelope 

σ 
𝝓 

𝝉 

𝝈𝟏 𝝈𝟑 
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𝝉𝟎(𝑹, 𝜽) =
𝟏

𝟐
(𝒂𝝈𝑯 + 𝝈𝑺𝒉) (2.22) 

𝝉𝟎(𝑳, 𝝅/𝟐) =
𝟏

𝟐
(𝒄𝝈𝑯 + 𝒅𝝈𝒉) (2.23) 

where 

𝒂 = [(𝟏 + 𝝁𝟐)
𝟏
𝟐 − 𝝁](𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽) 

𝒃 = [(𝟏 + 𝝁𝟐)
𝟏
𝟐 − 𝝁](𝟏 + 𝟐𝒄𝒐𝒔𝟐𝜽) 

𝒄 = −𝝁 + (𝟏 + 𝝁𝟐)
𝟏
𝟐 −

𝑹𝟐

𝑳𝟐
[(𝟏 + 𝝁𝟐)

𝟏
𝟐 + 𝟐𝝁] +

𝟑𝑹𝟒

𝑳𝟒
(𝟏 + 𝝁𝟐)

𝟏
𝟐 

𝒅 = −𝝁 − (𝟏 + 𝝁𝟐 )
𝟏
𝟐 +

𝑹𝟐

𝑳𝟐
[𝟑 × (𝟏 + 𝝁𝟐)

𝟏
𝟐 + 𝟐𝝁] −

𝟑𝑹𝟒

𝑳𝟒
(𝟏 + 𝝁𝟐 )

𝟏
𝟐 

Although the above equations seem complex, the only parameters required are breakout 

geometries, cohesion and the coefficient of friction. By solving simultaneous equations 

Eq. (2.22) and Eq. (2.23), the horizontal principal stress ratio and magnitudes can be 

obtained below: 

𝝈𝒉 = 𝟐𝝉𝟎(
𝒂 − 𝒄

𝒂𝒅 − 𝒃𝒄
) (2.24) 

𝝈𝑯 = 𝟐𝝉𝟎(
𝒅 − 𝒃

𝒂𝒅 − 𝒃𝒄
) (2.25) 

𝝈𝑯

𝝈𝒉
=

𝒅 − 𝒃

𝒂 − 𝒄
 (2.26) 

Based on Eq. (2.26), the relationship between horizontal stress ratio and breakout 

geometries can be graphically presented, as shown in Figure 2.28. 
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Figure 2.28 Mohr–Coulomb model after Zoback et al. (1985) 

As discussed by Zoback et al. (1985), this model was only applicable at the initial stage 

of breakout, where breakout was ‘flat-bottomed’ rather than V-shaped. It was also 

limited to the shear failure mechanism, without considering tensile spalling or a 

combination of both. Inelastic deformation and time-dependency creeping behaviour 

may also influence the estimation results (Zoback et al. 1986; Zheng et al. 1989). 

However, this model built a strong theoretical base for horizontal stress estimation using 

breakout geometries, which was critical for later model developments.  

2.2.2.2 Stress polygon  

Since breakout depth involves some uncertainty, Barton et al. (1988) used only breakout 

angular span to estimate maximum horizontal stress given the minimum horizontal 

stress (usually from hydraulic fracturing). The model assumed that breakout angular 

span does not widen after the initial failure as the nearby circumferential stress 

decreases (Mastin 1984; Zoback et al. 1985), such that the stress conditions at the 

maximum angle of breakout initiation (𝑅

𝑟
= 1) can be computed by the Kirsch solution: 

10˚ 20˚ 30˚ 40˚ 

50˚ 

𝜇 = 0.6 
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𝝈𝒓 = 𝟎 (2.27) 

𝝈𝜽 = (𝝈𝑯 + 𝝈𝒉) − 𝟐(𝝈𝑯 − 𝝈𝒉)𝒄𝒐𝒔𝟐𝜽 (2.28) 

𝝉𝒓𝜽 = 𝟎 (2.29) 

Since the rock along the wall only exerted uniaxial compressive stress, at the breakout 

angular span, the tangential stress applied should be equal to the uniaxial compressive 

strength of the rock (𝑈𝐶𝑆), i.e. 

𝑼𝑪𝑺 = (𝝈𝑯 + 𝝈𝒉) − 𝟐(𝝈𝑯 − 𝝈𝒉)𝒄𝒐𝒔𝟐𝜽 (2.30) 

By rearranging the equation, the maximum horizontal stress can be calculated as 

follows: 

𝝈𝑯 =
𝑼𝑪𝑺

(𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽)
− 𝝈𝒉

(𝟏 + 𝟐𝒄𝒐𝒔𝟐𝜽)

(𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽)
 (2.31) 

This simple and effective approach has been implemented in numerous field cases, 

although it does not take the vertical stress into consideration (Barton et al. 1988; Brudy 

1995; Zoback et al. 2003; Yaghoubi and Zeinali 2009; Nian et al. 2016). It is also the 

basis of the current stress polygon technique which can constrain horizontal stress 

magnitudes from breakout angular span and rock information (Vernik and Zoback 1992; 

Zoback and Healy 1992; Lund and Zoback 1999; Zoback et al. 2003; Chang et al. 2010; 

Song and Chang 2018). A number of modified versions have been introduced to address 

the influence of vertical stress. The modifications were achieved by changing the failure 

criterion which considers the intermediate stress effect, including the Wiebols–Cook 

(Vernik and Zoback 1992), Nadai (Song and Haimson 1997), Mogi–Coulomb (Song 

and Haimson 1997; Haimson and Chang 2002) and Modified Wiebols–Cook criterion 

(Chang et al. 2010). 

Based on Anderson’s faulting theory (Anderson 1951), where the frictional strength of a 

fault is controlled by the state of stress, Zoback et al. (1986) derived the boundary 

equation of in-situ stress: 

  𝝈𝟏/𝝈𝟑 = [(𝟏 + 𝝁𝒇
𝟐)

𝟏
𝟐 + 𝝁𝒇]

𝟐

 (2.32) 



51 
 

where σ1  and σ3 are the major and minor principal stresses and μf  = coefficient of 

friction of the fault, which is usually assumed to be 0.6 (Byerlee 1978); pore pressure 

was not considered for simplicity. According to different faulting mechanisms, both 

principal stresses can be either vertical or horizontal. With unknown faulting condition 

and given vertical principal stress, the horizontal principal stresses at the depth can be 

governed and constrained within the polygon by Eq. (2.32), as presented in Figure 2.29. 

 

Figure 2.29 Stress conditions under different faulting: 𝑁𝐹 = normal faulting, 𝑆𝑆 = 

strike-slip faulting and 𝑇𝐹 = reverse faulting after Zoback et al. (1986) 

Zoback et al. (2003) combined the approaches from Barton et al. (1988) and Zoback et 

al. (1986) and provided a ‘stress polygon method’, see Figure 2.30. As illustrated in the 

figure, horizontal stresses should always be on the red line (Barton’s equation) and 

match in pairs (e.g. σ𝐻1 and σℎ1), The highest and lowest values of horizontal stresses 

are bounded in small regions between σ𝐻1 to σ𝐻2 and σℎ1 to σℎ2 providing the faulting 

mechanism is reverse faulting. Hence, with appropriate knowledge of rock information 

and breakout angular span, possible ranges of horizontal stress magnitudes can be 

estimated. 
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Figure 2.30 Stress polygon example 

This stress polygon approach is the most common and reliable technique in determining 

horizontal stress ranges from borehole breakout. Based on the different breakout 

governing equations with different failure criteria, as discussed earlier, various versions 

of stress polygons have also been introduced and applied successfully in the field to 

constrain horizontal stress magnitudes (Barton et al. 1988; Brudy 1995; Lund and 

Zoback 1999; Zoback et al. 2003; Chang et al. 2010; Lin 2014; Lee and Ong 2018; 

Song and Chang 2018).  

2.2.3 Borehole size effect 

During laboratory investigation of borehole breakout, it was found that the horizontal 

stress ratio applied to induce breakout can be as high as 18 (Haimson and Herrick 1986; 

Haimson and Herrick 1989). This does not truly reflect field conditions as the horizontal 

stress ratios in the field are generally below 3 (Zoback et al. 1985; Walton et al. 2015). 

A series of experimental studies conducted using normal compression tests and hollow 

cylinder tests found that the critical stress required for breakout initiation is higher with 

smaller borehole radius (borehole size), called the borehole size effect (Haimson and 

Herrick 1989; Carter 1992; Cuss et al. 2003; Papanastasiou and Thiercelin 2010; Dresen 

et al. 2010; Meier et al. 2013). To quantify the relationship between borehole size and 
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critical stress required for breakout initiation, a review on borehole size effect is 

presented.  

2.2.3.1 Stress averaging 

Carter (1992) attempted to explain the borehole size effect by considering the stress 

averaging concept proposed by Lajtai (1972). Lajtai (1972) postulated that when rock is 

subject to high stress gradient, stress within the region will be redistributed and 

averaged over a distance (2𝑑) through micro-cracking or plastic deformation (Labuz et 

al. 1985; Ortiz 1988; Carter et al. 1991), see Figure 2.31. This stress averaging distance 

is regarded as a material constant which can be determined by data-fitting. Lajtai (1972) 

calculated the average stress along the fracture length as follows: 

  𝝈𝒅 = 𝝈𝒎 + 𝒅 × (
𝛛𝝈

𝛛𝐑
)𝑹=𝒓 (2.33) 

where 𝜎𝑑 = the averaged stress over the distance, 𝜎𝑚 = the maximum tangential stress at 

the borehole wall, (∂𝜏

∂R
)𝑅=𝑟 = the stress gradient at the borehole wall and it was assumed 

to be linear over the distance, 2𝑑. If the rock failure is in tension, the equation can be 

expressed as: 

  𝑻 = 𝝈𝒎 + 𝒅 × (
𝛛𝝈

𝛛𝐑
)𝑹=𝒓 (2.34) 

 

Figure 2.31 Stress averaging over 2𝑑 (Lajtai 1972) 

Considering the fracture at the borehole wall along the maximum horizontal stress 

direction, which was later discovered to be drilling-induced tensile fractures (Brudy and 
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Zoback 1999; Zoback et al. 2003; Chang et al. 2010), the stress condition at the location 

can be represented by the Kirsch solution: 

  𝑻 = (
𝟓𝒅

𝑹
− 𝟏)𝝈𝑯 + (𝟑 −

𝟕𝒅

𝑹
)𝝈𝒉 (2.35) 

Under a normal compression test (uniaxial compression on block samples), where 𝜎ℎ = 

0, Eq. (2.35) can be rearranged as: 

  𝑷𝑻 = 𝝈𝑯 =
𝑻

(
𝟓𝒅
𝑹

− 𝟏)
 (2.36) 

where 𝑃𝑇 is the critical axial stress required for tensile fracture initiation, as a function 

of borehole size (𝑅). Nesetova and Lajtai (1973) also extended this theory to calculate 

the critical stress required for compressive failure at the borehole along the minimum 

horizontal stress direction, which was later seen as the breakout initiation. Carter (1992) 

pointed out that the assumption of linearised stress gradient was not appropriate , since 

the tangential stress decreases non-linearly from the borehole wall into the rock (see Eq. 

(2.14) and Figure 2.31). Hence, Carter (1992) calculated the stress gradient by 

integrating the Kirsch solution and simplified the failure criterion as the uniaxial 

compressive condition, because the radial stress near the borehole is small compared to 

tangential stress. The critical axial stress (𝜎𝑃
∗) required for breakout initiation under the 

normal compression test can be estimated as: 

𝝈𝑷
∗ =

𝒅 × 𝑼𝑪𝑺

(𝑹 + 𝒅)(𝟏 −
𝑹𝟐

𝟐(𝑹 + 𝒅)𝟐 −
𝑹𝟒

𝟐(𝑹 + 𝒅)𝟒)
 (2.37) 

Elkadi and Van Mier (2006) also implemented the stress averaging concept and the 

Kirsch solution on the hollow cylinder test and estimated the critical confining pressure 

(𝜎𝑐
∗) required for breakout initiation: 

𝝈𝒄
∗  = 𝑼𝑪𝑺 ×

𝒅(𝒃𝟐 − 𝑹𝟐 )

(𝒅 + 𝑹 −
𝑹𝟐

𝑹 + 𝒅
) 𝒃𝟐

 (2.38) 

where 𝑏 = radius of the hollow cylinder sample.  

2.2.3.2 Fracture energy release 

Bažant et al. (1993) explained the borehole size effect based on the principle of 

conservation of energy, such that the loss in potential energy during breakout formation 
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is equal to the energy dissipated in the fracturing process. This study considered that 

breakout is created by parallel and equidistant cracks splitting in the axial direction, 

which undergoes a buckling process, as shown in Figure 2.32. 

 

Figure 2.32 Breakout formation under fracture energy release with equidistant fracture 
space after Bažant et al. (1993) 

Based on Eshelby’s theory (Eshelby 1957), the potential energy released from no cavity 

to an ellipse (∆𝛱1) can be estimated as: 

∆𝜫𝟏 = −𝝅/𝟐𝑬′[(𝒂 + 𝟐𝑹)𝑹𝝈𝒉
𝟐 + (𝟐𝒂 + 𝑹)𝑹𝝈𝑯

𝟐 − 𝟐𝒂𝑹𝝈𝑯𝝈𝒉] (2.39) 

where 𝐸′ =
𝐸

1−𝑣2
= plain strain modulus. Eq. (2.39) calculates the work done given 𝜎𝐻 

within the ellipse is reduced to zero. When 𝜎𝐻 is reduced to 𝜎𝑐𝑟, the equation can be 

written in the form of: 

∆𝜫𝟏
′ = −𝝅/𝟐𝑬′[(𝒂 + 𝟐𝑹)𝑹𝝈𝒉

𝟐 + (𝟐𝒂 + 𝑹)𝑹𝝈𝑯
𝟐 − 𝟐𝒂𝑹𝝈𝑯𝝈𝒉 − 𝟐𝒂𝟐 𝝈𝒄𝒓

𝟐 ] (2.40) 

where σcr = −π2/l2(
E′h2

12
−

h

λ
G), λ = empirical constant, G = shear modulus, and 𝑙 = 𝑘𝑅 

= length of buckling, where 𝑘 = empirical constant < 1. The potential energy change 

from no cavity to circular cavity (∆𝛱0) can be computed as: 

∆𝜫𝟎 = −𝝅𝑹𝟐/𝟐𝑬′(𝟑𝝈𝒉
𝟐 + 𝟑𝝈𝑯

𝟐 − 𝟐𝝈𝑯𝝈𝒉) (2.41) 

Equal distance ℎ 

        

Ellipse length 𝑎 
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As there is still residual strain energy (∆𝛱𝑐𝑟) stored in the buckling area, it should also 

be considered: 

∆𝜫𝒄𝒓 =
𝝅𝑹(𝒂 − 𝑹)

𝟐𝑬′
(

𝝅𝟐𝑬′𝒉𝟐

𝟏𝟐𝒌𝟐𝑹𝟐 +
𝒉

𝛌
𝑮)

𝟐

 (2.42) 

By assuming borehole breakout as a rough elliptical shape, the potential energy required 

for breakout development (∆𝛱) can be expressed as:  

∆𝜫 = ∆𝜫𝟏 + ∆𝜫𝒄𝒓 − ∆𝜫𝟎 (2.43) 

Bažant et al. (1993) also calculated the energy dissipation due to fracturing ( ∆𝑊𝑓) by 

summing the energy required for all axial splitting cracks: 

∆𝑾𝒇 =
(𝝅𝒂𝑹 − 𝝅𝑹𝟐 )𝑮𝒇

𝒉
 (2.44) 

where 𝐺𝑓 = 𝐾𝐼𝐶
2 /𝐸′ = fracture energy of rock and 𝐾𝐼𝐶  = stress intensity factor. Due to 

the principle of conservation of energy, −∆𝛱 = ∆𝑊𝑓 . By differentiating both sides of 

the equation with respect to 𝑎: 

−
𝝏(∆𝜫)

𝝏𝒂
=

𝝏(∆𝑾𝒇)

𝝏𝒂
 (2.45) 

Since the primary interest is breakout initiation stress, 𝑎 = 𝑅 , Eq. (2.45) can be 

expressed as: 

𝝈𝒉
𝟐 + 𝟓𝝈𝑯

𝟐 − 𝟐𝝈𝑯𝝈𝒉 − 𝟒𝝈𝒄𝒓
𝟐 = (

𝝅𝟐𝑬′𝒉𝟐

𝟏𝟐𝒌𝟐𝑹𝟐
+

𝒉

𝛌
𝑮)

𝟐

+
𝟐𝑬′𝑮𝒇

𝒉
  (2.46) 

Since the remote effective applied stress (𝜎𝑒𝑓𝑓) can be replaced by a single variable: 

𝝈𝒆𝒇𝒇 = 𝝈𝑯 (𝟏 −
𝟐𝝈𝒉

𝟓𝝈𝑯
+

𝝈𝒉
𝟐

𝟓𝝈𝑯
𝟐

)

𝟏
𝟐

 (2.47) 

Eq. (2.47) may be simplified as: 

𝝈𝒆𝒇𝒇
𝟐 = (

𝝅𝟐 𝑬′𝒉𝟐

𝟏𝟐𝒌𝟐 𝑹𝟐 +
𝒉

𝛌
𝑮)

𝟐

+
𝟐𝑬′𝑮𝒇

𝟓𝒉
 (2.48) 

The applied effective stress is now a function of ℎ . Bažant et al. (1993) then 

differentiated the equation with respect to ℎ to find the minimum stress required for 

breakout initiation: 



57 
 

𝝏(𝝈𝒆𝒇𝒇
𝟐 )

𝝏𝒉
=

𝟓𝝅𝟒 𝑬′𝟐

𝟕𝟐𝒌𝟒 𝑹𝟒 𝒉𝟓 +
𝟏𝟏𝝅𝟐 𝑬′𝑮

𝟏𝟐𝒌𝟐 𝑹𝟐𝛌
𝒉𝟒 +

𝟓𝑮𝟐

𝛌𝟐 𝒉𝟑 − 𝑬′𝑮𝒇 = 𝟎 (2.49) 

For small 𝑅, the second and third terms of the differentiation become negligible, such 

that:  

𝒉 = 𝑪𝒔 𝑹
𝟒
𝟓   (2.50) 

and 𝐶𝑠 = (
72𝑘4𝐺𝑓

5𝜋4𝐸′
)

1

5
. Conversely, if 𝑅 is large:  

𝒉 = (
𝑬′𝑮𝒇𝛌𝟐

𝟓𝑮𝟐
)

𝟏
𝟑

 (2.51) 

By substituting ℎ  from the two above equations into Eq. (2.48), the critical stress 

required for breakout initiation for both small and large 𝑅 can be obtained respectively: 

𝝈𝒆𝒇𝒇,𝒔𝒎𝒂𝒍𝒍 = 𝑪𝟏𝑹
−

𝟐
𝟓   (2.52) 

𝝈𝒆𝒇𝒇,𝒍𝒂𝒓𝒈𝒆 = 𝟑 (
𝑮𝑬′𝑮𝒇

𝟓𝛌
)

𝟏
𝟑

= 𝑪𝟎 (2.53) 

where 𝐶1 = (
𝜋25

1
2

48𝑘2
𝐸′3𝐺𝑓

2)

1

5

. From Eq. (2.52), it is clear that the stress required for 

breakout initiation is inversely proportional to borehole size for small radius; and 

becomes constant with large radius, according to Eq. (2.53). As the solutions do not 

provide an equation for intermediate stress, Bažant et al. (1993) combined the two 

equations and provided an approximation equation: 

𝝈𝒆𝒇𝒇 = 𝑪𝟏 𝑹
−

𝟐
𝟓 + 𝑪𝟎 (2.54) 

2.2.3.3 Pressure-dependent  

Based on a series of triaxial compression tests, Santarelli et al. (1986) found that 

Young’s modulus is proportional to the confinement (𝜎3). Thus, the study argued that 

the stress–strain relationship around the borehole is not only linear elastic, but also 

depends on the pressure. As the radial stress gradually increases from zero given the 

location is moving away from the borehole, this will result in increased Young’s 
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modulus at more distant locations. In this way, the maximum tangential stress is not 

concentrated at the borehole wall, but shifted to some distance into the rock. This will 

lead to breakout initiation away from the borehole (Santarelli and Brown 1989), see 

Figure 2.17. A number of researchers have also observed this phenomenon in the 

laboratory (Zaitsev 1985; Lee and Haimson 1993; Cuss et al. 2003).  

Since the approach does not provide direct estimation of critical stress for breakout 

initiation, Dresen et al. (2010) and Meier et al. (2013) extended the theory by 

considering a breakout initiation distance (∆𝑟) and simply used the Kirsch solution to 

represent the stress condition at the location. Since then, studies have attempted to 

calculate the critical stress under the hollow cylinder test by examining a number of 

failure criteria. Although predictions showed promising accuracy against experimental 

results, the determination of parameters including ∆𝑟  and initial defect length is 

challenging and dubious. 

2.3 NUMERICAL SIMULATION 
Numerical modelling is a powerful tool which has been implemented in the rock 

mechanics field in the past few decades to provide simulations and solve complex 

geotechnical problems (Oettl et al. 2004; Lu et al. 2011; Zhou et al. 2016) or investigate 

laboratory rock behaviour at the micro-scale (Liu et al. 2002; Liu et al. 2007). This 

methodology is particularly useful to study the mechanisms and development of 

breakout, since it is practically impossible to observe progressive breakout failure 

during an experiment due to the limitations of experimental apparatus with a sealed 

frame with pressure applied in all dimensions. A significant body of research has been 

carried out to model the breakout phenomenon and study the geometrical relationship 

with horizontal stress magnitudes (Zheng et al. 1989; Shen et al. 2002; Schoenball et al. 

2014; Lee et al. 2016; Sahara et al. 2017). 

In general, numerical modelling can be classified into two groups: continuum and 

discontinuum approaches.  

2.3.1 Continuum approach to borehole breakout  

The continuum model treats the synthetic rock as a continuous body, such that it cannot 

be fractured into pieces and spalled off unless there are pre-existing discontinuities. The 
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most commonly used numerical methods include Finite Element Method (FEM), Finite 

Difference Method (FDM) and Boundary Element Method (BEM).  

Mastin (1984) was one of the first researchers to use numerical simulation to study 

borehole breakout. Based on BEM, Mastin (1984) observed that breakout initiated in a 

‘flat-bottom’ shape and progressively elongated along the minimum horizontal stress 

direction, as shown in Figure 2.33. This study also found that stress redistributed during 

each stage and angular span did not widen after breakout initiation. Zheng et al. (1989) 

extended the work by Mastin (1984) and simulated the evolution of breakout from 

initiation until stabilisation with extensile splitting only, which agreed with Mastin 

(1984) on the constant angular span over the breakout development. However, Zheng et 

al. (1989) stated that, although breakout geometries are dependent on horizontal stress, 

estimation of the absolute magnitudes can still be difficult and will require additional 

information.  

 

Figure 2.33 Progressive breakout failure (Mastin 1984; Zoback et al. 1985) 

Zhou (1994) developed a linear elastic model with various failure criteria in Formula 

Translator (Fortran) program and attempted to model breakout under different faulting 

mechanisms and stress combinations. Results showed that the breakout orientation was 

not always aligned with the minimum horizontal stress direction under the Mohr–

Coulomb failure criterion, which Zhou (1994) suggested this was due to the faulting 

mechanism. In addition, Zhou (1994) suggested that the breakout geometries generated 
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under the Mohr–Coulomb criterion were greater than breakout predicted under other 

failure criteria that considered the effect of intermediate stress. This implies the 

importance of vertical stress in borehole breakout study.  

Shen et al. (2002) investigated the breakout mechanism using their own BEM software 

– Fracture Propagation Code (FRACOD). The researchers implemented the modified 

energy release rate criterion, F-criterion (Shen and Stephansson 1994), in the software 

to govern rock failure, which was capable of simulating both shear and tensile cracking 

modes. Numerical results revealed that breakout formation was a combination of tensile 

and shear failures, which supported the argument of Haimson and Herrick (1986). 

However, the numerical simulation on FRACOD was limited because it could not 

induce fracture initiation, and ‘artificial fractures’ had to be introduced around the 

borehole before the start of each simulation. Shen (2008) later conducted breakout 

simulation on an updated FRACOD, which overcame this limitation. Shen tried to 

correlate the horizontal stress magnitudes with breakout geometries based on breakouts 

produced under different stress combinations in numerical simulation. Two empirical 

equations were derived from the results and showed promising predictions against field 

data. The software was also used by Kim et al. (2017) to determine the maximum 

horizontal stress in the field. This was achieved by matching the numerically created 

breakout with field observation based on given rock information and minimum 
horizontal stress obtained from hydraulic fracturing.  

Schoenball et al. (2014) studied the time-dependency behaviour of breakout geometries 

through Abaqus (FEM), which was based on the time-dependent brittle creep model 

proposed by Amitrano and Helmstetter (2006). Simulation found that breakout quickly 

widened and became stable in the early stage of formation followed by the subsequent 

elongation over time, resulting in a V-shaped breakout. This supports the argument 

from previous studies on time-dependent breakout propagation (Zoback et al. 1985; 

Barton et al. 1988). 

2.3.2 Discontinuum approach to borehole breakout 

The discontinuum model can simulate materials varying from large scale rock mass 

with pre-existing fractures to micro-scale grain-to-grain contacts. In contrast to the 

continuum model, it enables the detachment of rock pieces along boundaries and can 

explicitly model the response of fractured rock mass under various conditions. Three 
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frequently used discontinuum approaches are the Discrete Element Method (DEM), 

Discrete Fracture Network (DFN) and Discontinuous Deformation Analysis (DDA). In 

general, DEM is the most commonly used approach for modelling borehole breakout.  

Santarelli et al. (1992) investigated breakout behaviour under pre-existing fractures 

based on Universal Distinct Element Code (UDEC). Results showed that both the stress 

concentration near the borehole and the breakout elongation direction altered noticeably 

with joint sets. The conclusions in this study were confirmed by Rawlings et al. (1993) 

using UDEC and by Du (1997) through the Displacement Discontinuity Method 

(DDM). Du (1997) conducted additional numerical simulation on borehole size effect 

which suggested that the breakout initiation stress was proportional to the crack length. 

This crack length was also dependent on the borehole size: the larger the borehole size, 

the longer the crack length. Therefore, longer borehole radius would lead to lower 

breakout initiation stress.   

Fakhimi et al. (2002) tried to replicate the experimental breakout from Berea sandstone 

via Particle Flow Code (PFC). Good agreement was found between the laboratory and 

simulation results. The study concluded that it is more advantageous to model breakout 

behaviour based on DEM as the grain movements and crack extensions can be explicitly 

captured without further mesh generation. Li et al. (2006) successfully simulated all 

three types of breakout using the same software with the consideration of fluid flow. 

They suggested that V-shaped breakout would be created if rock is competent and not 

likely to fail in localised compaction, whereas fracture-like breakout was due to the 

compaction band. However, there was no porosity reduction monitored at the breakout 

tip, which was different from that reported in the laboratory (Mollema and Antonellini 

1996; Haimson 2001). In addition, the spiral-shaped breakout created in the simulation 

was unclear, as it did not show any apparent shear failures around the borehole. As PFC 

only allows bond breakage and does not enable the breakage of particles, Rahmati 

(2013) implemented a ‘grain crushing’ scheme to model both failure modes. Simulation 

results suggested that grain crushing and repacking were the main contributors to 

fracture-like breakout, in which the depth was closely related to applied stress 

magnitudes. On the other hand, the angular span remained relatively constant with 

change in stress applied, which was consistent with the laboratory observations 

(Haimson and Kovacich 2003; Haimson and Lee 2004). In addition, Rahmati (2013) 
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stated that the bonding strength (matrix strength) was an important parameter that can 

influence the shape of breakout. The stronger matrix strength would increase the 

possibility of fracture-like breakout, whereas the lower matrix strength would lead to V-

shaped breakout.  

Lee et al. (2016) further studied the mechanisms of V-shaped breakout based on PFC 

and a ‘grain crushing’ scheme. By simulating the experimental results on two types of 

sandstone, Lee et al. (2016) found that breakout forms either due to intergranular 

cracking or intra- and transgranular cracking depending on grain and matrix strengths, 

see Figure 2.34. This confirms the earlier argument on breakout formation mechanism 

proposed by Santarelli and Brown (1989). The numerical simulation showed that 

breakout angular span is dependent on horizontal stress magnitudes, and formed quickly 

at an early stage of borehole breakout, followed by progressive elongation in the 

minimum horizontal stress direction (Barton et al. 1988; Zheng et al. 1989). Hence, 

breakout angular span can be used as a reliable parameter for horizontal stress 

estimation (Lee et al. 2016).  

Duan and Kwok (2016) analysed various aspects of borehole breakout using PFC, 

including horizontal stress magnitudes, borehole size, particle size distribution and rock 

anisotropy. Based on the simulation results, breakout geometries increased with 

constant horizontal stress ratio but increasing stress magnitudes. This indicates that the 

breakout geometries are dependent on the absolute horizontal stress magnitudes, rather 

than the horizontal stress ratio. Thereby, the borehole size effect investigation showed 

consistent results with laboratory studies, where the smaller borehole size requires more 

stress for breakout initiation (Haimson and Herrick 1989; Carter 1992; Dresen et al. 

2010; Meier et al. 2013). Duan and Kwok (2016) were also able to simulate two types 

of spiral-shaped breakouts on the same rock type, as discussed in Section 2.2.1.3. In 

addition, anisotropic synthetic rock was achieved by introducing a smooth joint model. 

Duan and Kwok (2016) showed that the anisotropy has significant influence on 

breakout orientation and shapes, such that the parameter of bedding plane should be 

considered in field breakout studies.  
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Figure 2.34 Breakout development over timesteps under two types of mechanisms, top: 

intergranular cracking, bottom: intra- and transgranular cracking (Lee et al. 2016), green 

lines mean tensile failure in bond, red lines represent shear failure in bond, black lines 

indicate micro-crack coalescence, yellow particles mean grain breakage 

2.4 MACHINE LEARNING 
In the rock mechanics field, the primary goal of many studies is to determine the 

relationship between unknown values, such as in-situ stress or factor of safety, from a 

series of observable variables, such as rock strength or depth of cover. However, due to 

the complexity of problems and the number of input parameters, it is sometimes not 

possible to derive a closed-form solution. Machine learning, a computer based 

algorithm, provides an alternative to solve the problem.  

Machine learning is a method that enables computers to predict unknown responses 

based on past experiences. The technique learns and recognises the patterns between the 

input parameters and unknown responses based on sample data, also known as ‘training 

data’. The constructed machine learning model is capable of improving the prediction 

accuracy by training with additional sample data. In the past few decades, it has been 
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implemented extensively in rock mechanics (Hampson et al. 2001; Singh et al. 2001; 

Yilmaz and Yuksek 2008; Zain et al. 2010; Khandelwal and Monjezi 2013; Chou and 

Thedja 2016).  

There are many types of machine learning models depending on their mathematical 

foundations. Popular techniques include Support Vector Machine (SVM), Kriging, 

Artificial Neural Network (ANN) and Regression. This section reviews two particular 

approaches, Kriging and ANN, because of their prevalence in mining and geotechnical 

engineering applications.  

2.4.1 Kriging  

Kriging is a semi-parametric interpolation method that provides predictions based on a 

number of inputs. The technique was initially developed by Krige (1951) in mining to 

estimate resources and was improved by Matheron (1973). Prediction using Kriging 

was not common until the pioneering work of Sacks et al. (1989); since then, it has been 

widely applied to estimate unknown responses in many disciplines.  

The performance function (G(x)) of Kriging is expressed as (Sacks et al. 1989): 

𝐆(𝐱) = 𝐅(𝐱, 𝐛) + 𝐙(𝐱)  (2.55) 

where x is a vector of random variables, F(x, b) is the deterministic mean function of 

responses from the dataset, which describes the tendency of the model and can be 

represented by a regression equation: 

F(𝐱, 𝐛) = 𝐟(𝐱)𝑇𝐛  (2.56) 

where f(x)  is a vector with [𝑓1 (x), … , 𝑓𝑘(x)]T  and b  is the vector of regression 

coefficient corresponding to x.  Z(x) is the stationary Gaussian process function with 

zero mean and auto-covariance:  

𝐙(𝐱) = 𝝈𝒁
𝟐𝑹(𝐱, 𝐱′; 𝛉)   (2.57) 

where 𝜎𝑍
2 is the process variance and 𝑅(𝐱, x′) is the auto-correlation function, and θ is 

the parameter that defines the auto-correlation function. The auto-correlation function is 

quantified based on a semi-variogram (see Figure 2.35), which is constructed by the 

covariance of all pairs of points in the training dataset (Bigg 1991). A ‘best-fit’ model 

will then be selected to represent the data trend of the semi-variogram (red dots), i.e. the 

auto-correlation function, which can be in a polynomial, exponential or Gaussian form 



65 
 

(Koehler and Owen 1996). Based on the determined auto-correlation function, the 

nearby training data (where the distance from the predicting point from the training data 

is less than the range) and their corresponding weight can be determined. Subsequently, 

the unknown response can be predicted from Kriging. 

 
Figure 2.35 Semi-variogram 

Kriging modelling has been used in various mining and geotechnical conditions. Yao et 

al. (1999) predicted porosity in rock from seismic data via Kriging. Choi and Lee (2007) 

successfully used the approach to estimate the Rock Mass Rating (RMR) from field data 

including geophysical and borehole surveys for tunnel design. Webber et al. (2013) 

attempted to estimate coal quality from downhole logging data through the technique. 

Abdideh et al. (2014) were able to estimate the uniaxial compressive strength of rock in 

deep locations from petrophysical information. Given its wide application and success 

in sophisticated problems, Kriging can be considered a useful tool for predicting 

horizontal stress from borehole breakout geometries.  

2.4.2 Artificial Neural Network 

Artificial Neural Network (ANN) is a major type of machine learning technique, 

inspired by biological neural networks (Chen et al. 2019). Composed of mathematical 

functions (activation functions) in its neurons, ANN aims to replicate the human brain 

and learn patterns based on training data (Salchenberger et al. 1992). In general, the 

network architecture of an ANN is divided into three layers of an input layer, hidden 

layer and output layer (Srinivasulu and Jain 2006), as shown in Figure 2.36. The input 
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layer is at the beginning of the modelling process and receives input parameters for 

processing. The hidden layer consists of a number of parallel neurons that are connected 

by edges, which have a weight for computation (Bashir and El-Hawary 2009). The 

hidden layer can be further divided into multiple sub-hidden layers depending on the 

complexity of the problem. The output layer produces the final estimation and is formed 

by a weighted summation of outputs from the last hidden layer (Phung and Bouzerdoum 

2007). 

 
Figure 2.36 General ANN architecture, where n = number of inputs, h and z = number 

of neurons in each hidden layer 

Many types of ANN models are available, such as feedforward, radial basis and 

multilayer perceptron. Among these models, the most popular technique for ANN 

models is the backpropagation (learning) technique from a multilayer feedforward ANN 

(Dougherty 1995; Tu 1996; Sonmez et al. 2006; Khosravi et al. 2011). Backpropagation, 

a stochastic descent method, calculates the gradient of loss functions corresponding to 

the weight of ANN layers from the last layer back to the first layer (Amari 1993). As 

the gradient calculation from the current layer can be partially used in the next layer (i.e. 
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the layer before the current layer in the ANN model, as the backpropagation process is 

going backwards), it can save significant computation time (Chen and Jain 1994; Tu 

1996).  

Similar to many other machine learning techniques, an ANN model is also built on the 

learning process from a sample dataset. The dataset is randomly divided into three 

groups: training, validation and testing. The ANN model is initially constructed based 

on the training data, which is adjusted based on the obtained mean square error (MSE). 

The inputs from the validation data then feed into the developed ANN model to predict 

the outputs and these predicted outputs are compared to the known output from the 

validation data. Based on the difference between prediction outputs and known values, 

an error signal can be calculated and backpropagated through the ANN model 

(McClelland and Rumelhart 1988; Zurada 1992). The error signal is a mathematical 

factor which is used to adjust the weights of elements in the developed ANN model, 

such that the future estimation based on similar input parameters as the validation 

dataset can be more accurate (Tu 1996). This repetitive training process is undertaken to 

minimise the error. Finally, the trained ANN model is further examined against the test 

data to measure its performance. The entire process is repeated again until the error in 

all three datasets is optimised to a minimum.  

The ANN model is one of the most attractive techniques in geo-engineering due to its 

reliability and applicability to sophisticated multivariate problems (Sonmez et al. 2006). 

Recently, it has also been implemented widely in mining and geotechnical engineering 

fields (Esfe et al. 2019; Nguyen et al. 2019). Singh et al. (2001) attempted to predict 

rock strengths from petrographic information via ANN. Ocak and Seker (2012) used the 

technique to estimate the Young’s modulus of intact rock. Surface roughness was also 

calculated from 68 experimental data points by Mia and Dhar (2016). The importance of 

ANN model applications in rock engineering and mineral processing has been 

recognised by Kapageridis (2002). 

2.5 CONCLUSIONS 
This chapter reviewed existing stress measurement techniques. It is clear that the most 

popular stress measurement methods in practice are hydraulic fracturing and overcoring, 

which can estimate both absolute stress magnitudes and orientation. However, they are 
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neither effective nor reliable in measuring in-situ stress in weak strata under high stress 

conditions, where the borehole and cored samples are likely to be fractured. This 

condition will be encountered more frequently due to deeper mining activities.  

Borehole breakout, resulted from borehole drilling activities, usually occurs in the weak 

strata where the stress is concentrated and its geometries are influenced by horizontal 

stress magnitudes. In Australia, every borehole requires geophysical and geological 

logging, which means breakout data is easily accessible at no cost. Based on extensive 

experimental observation, it has been argued that breakout geometries are dependent on 

each other such that estimation of both horizontal stress magnitudes is not feasible. The 

current models are only capable of either estimating maximum horizontal stress from 

minimum horizontal stress or constraining the magnitudes of two horizontal stresses, 

whereas the absolute magnitudes remain unsolved. However, this is purely based on 

laboratory results and lacks a solid theoretical background. Detailed investigation is 

necessary to examine the argument while exploring the possibility of deriving two 

horizontal stress magnitudes.  

The majority of the experimental studies focused on the influence of maximum 

horizontal stress on breakout geometries, whereas the minimum horizontal and vertical 

stresses were rarely considered. In the field, in-situ stress is always three-dimensional 

and the intermediate stress plays a critical role in rock failure. Therefore, it is critical to 

study the effect of the other two stresses on breakout geometries. In addition, borehole 

size is an important parameter that substantially affects the breakout geometries in the 

laboratory. It should also be considered in experimental investigation.  

Numerical simulation provides a method to study breakout development and 

mechanisms which cannot be achieved in the laboratory. Based on the review of 

numerical models, it can be concluded that the continuum approach is not suitable to 

analyse laboratory-scaled breakout simulation, especially grain movements due to 

micro-cracking. On the other hand, Particle Flow Code has shown promising breakout 
simulation results and ability to model such behaviour.  

The machine learning technique, particularly Kriging and Artificial Neural Network 

modelling, has been implemented in many rock mechanics problems, including those 

which cannot be solved by a closed-form solution. These problems include predicting 
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rock mechanical properties and estimating resources. As the relationship between 

borehole breakout geometries and horizontal stress magnitudes is unclear and 

sophisticated due to the complex breakout formation mechanism, it is required to use 

advanced computer algorithms to model this relationship. This thesis studies the 

application of machine learning on horizontal stress estimation from borehole breakout  

in conjunction with the traditional rock mechanics approach.  
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3 EXPERIMENTAL STUDY ON BOREHOLE 
BREAKOUT AND BOREHOLE SIZE EFFECT 

Understanding the influence of in-situ stress on breakout geometries is vital for 

developing a horizontal stress measurement technique from borehole breakout data. 

Previous laboratory studies have confirmed that the increasing maximum horizontal 

stress leads to wider and deeper breakout given the constant minimum horizontal and 

vertical stresses (Lee and Haimson 2006). Based on the experimental results, 

researchers have also argued that there is a unique relationship between the two 

geometries, so that estimating two horizontal stress magnitudes from borehole breakout 

is not possible (Haimson et al. 1991; Herrick and Haimson 1994; Haimson and Lee 

2004; Lee and Haimson 2006; Sahara et al. 2017).   

The literature review in Chapter 2 indicated that this conclusion is tentative as this claim 

is purely from experimental observations. Section 3.1 provides a detailed study of this 

hypothesis, which is based on a series of breakout experiments , using the true triaxial 

testing machine designed by the University of NSW. The experiments investigate the 

correlation between breakout geometries and horizontal stress magnitudes. The study 

also considered the effect of borehole size on breakout geometries, which were not 

explored in previous experiments (Haimson and Herrick 1986; Haimson et al. 1991; 

Herrick and Haimson 1994; Haimson and Lee 2004; Lee and Haimson 2006; Lee et al. 

2016).  

Borehole size can significantly influence the stress required for breakout initiation and  

its geometries under laboratory conditions. In previous studies, either a constant ratio 

between the borehole radius and specimen size or a constant specimen size was used in 

each laboratory study during sample preparation, particularly in normal compression 

tests (Haimson and Herrick 1989; Carter 1992), while there were no direct comparisons 

between the same borehole radius under different specimen sizes. As a larger specimen 

size generally has lower 𝑈𝐶𝑆 value due to the scale effect (Bažant and Xi 1991; Bažant 

and Yavari 2005), it might also influence the breakout initiation stress results. Section 

3.2 investigates whether the specimen size influences breakout initiation stress through 

two series of normal compression tests. Based on experimental results, Section 3.2 also 
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provides a number of methods to predict the stress required for breakout initiation due 

to the borehole size effect. 

3.1 BOREHOLE BREAKOUT TEST  

3.1.1 Experimental procedures 

True triaxial tests were conducted on Gosford sandstone specimens, which were 

collected from a quarry located in the Sydney Basin. According to the rock property 

testing, the uniaxial compressive strength and Young’s modulus of the specimen are 

42.3 MPa and 7.5 GPa, respectively; the Poisson’s ratio and tensile strength are 0.18 

and 2.8 MPa; and the cohesion and internal friction angle are 12.9 MPa and 35˚.  

To simulate the in-situ stress conditions in Australia (𝜎𝐻 >  𝜎ℎ  >  𝜎𝑣), a customised 

apparatus was designed for this purpose as shown in Figure 3.1a. The rock specimen 

(120 × 120 × 120 mm3) with a pre-drilled hole was placed in the middle of the 

equipment, with the hole aligned in the y-direction. Biaxial stresses (𝜎ℎ and 𝜎𝑣) were 

then applied by tightening the nuts shown in Figure 3.1a, with the stress magnitudes 

monitored by the load cells connected between the outer and inner plates, as shown in 

Figure 3.1b.  

 

Figure 3.1 UNSW variable confinement cell 

a b 

Y-direction 
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Once the desired stress levels were reached, the rock specimen was loaded by the 

tertiary stress from the MTS machine, see Figure 3.2. To ensure the full development 

and stabilisation of the breakout phenomenon, the specimen was held under the same 

stress condition for another 30 minutes (Haimson et al. 1991; Haimson and Kovacich 

2003; Lee et al. 2016). Rock specimens with three hole sizes (8 mm, 11 mm and 15 mm) 

were tested under the same stress conditions to observe the influence of borehole size on 

borehole breakout geometries.  

The conventional technique to measure the cross-sectional geometry uses infilled epoxy 

materials along the length of the borehole (Haimson and Song 1998; Haimson and Lee 

2004; Katsman et al. 2009; Lee et al. 2016). However, this may not be very accurate 

considering the hole size (radius) is only 11 mm, where a 1% variation in breakout 

depth is 0.11 mm, and both angular span and breakout depth show some variation along 

the borehole length. It is important to take account of these variations to obtain precise 

measurements for later studies. Therefore, the optical scanning technique was 

implemented to measure breakout geometries with higher accuracy, as shown in Figure 

3.3b. The rock specimen was first cut in half along 𝜎𝐻 such that the breakout profile 

would not be damaged, but well preserved. The inner faces were then sprayed to cover 

shiny particles to ensure good scanning quality. Afterwards, scanning was undertaken to 

capture the full breakout profile from top to bottom, see Figure 3.3a. Breakout 

geometries were obtained by determining the average values of the scanning data along 

the borehole axis. 



73 
 

  

Figure 3.2 True triaxial test 

 

Figure 3.3 Optical scanning 

3.1.2 Results and discussion 

To investigate breakout geometries and the influence of borehole sizes, three sets of 

experiments with different hole sizes were carried out under various 𝜎𝐻 conditions, with 

constant 𝜎ℎ  = 10 MPa and 𝜎𝑣  = 5 MPa applied. Results showed a good alignment  

between breakout depth and 𝜎ℎ  direction. This confirmed that breakout is indeed a 

reliable tool for stress orientation determination. Figure 3.4 presents a clear V-shaped 

a b 
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borehole breakout obtained from the experiments, where 𝜎𝐻 = 60 MPa and the hole s ize 

is 11 mm. 

 

Figure 3.4 Experimental borehole breakout 

3.1.2.1 Breakout geometries and horizontal stress magnitudes 

Figure 3.5 and Figure 3.6 show strong stress dependencies on breakout geometries. For 

the same hole size, both normalised breakout depth (𝐿/𝑅) and angular span increase 

with the increasing horizontal stress ratio; in particular, they both increase with 𝜎𝐻 as 𝜎ℎ 

and 𝜎𝑣 were all kept constant during the experiments. Clear linear trends can also be 

observed based on the figures, in which both parameters increase at relatively steady 

rates; except for the 15 mm hole size, where the gradients for breakout geometries are 

sharper. Experimental results obtained from this study agree with previous experimental 

studies conducted by earlier researchers (Haimson and Herrick 1986; Haimson and 

Herrick 1989; Haimson and Song 1993; Herrick and Haimson 1994; Haimson and Lee 

2004; Lee and Haimson 2006; Lee et al. 2016), suggesting that there are correlations 

between breakout geometries and horizontal stress magnitudes. 

Figure 3.7 shows the relationships between the two breakout geometries. Based on 

experimental results, it is observed that the normalised breakout depth is strongly 

dependent on the angular span (Gough and Bell 1982; Zheng et al. 1989), the wider 

breakout always being deeper for the same hole size. This trend can be bounded in a 

narrow increasing region as shown in Figure 3.7. Haimson et al. (1991) observed 

similar results in their experiments, in which they aruged that, due to the dependency 

𝝈𝒉 

𝝈𝑯 
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between breakout geometries, they are redundant factors for horizontal stress 

estimation. Therefore, deriving two horizontal stresses from two redundant breakout 

geometries is not viable.  

3.1.2.2 Breakout geometries and hole sizes 

Previous experiments focus heavily on the horizontal stress magnitudes, the hole size 

used being quite consistent, with radii in the 10–11 mm range. Three different hole sizes 

are studied here.  

Figure 3.5 and Figure 3.6 illustrate that, under the same stress conditions, a larger hole 

size actually results in a wider angular span and deeper normalised breakout depth. For 

each hole size, the gradients of the breakout geometries and increasing horizontal stress 

ratio show similar relationships as observed in previous studies without considering the 

hole size. The indication here is that hole size is crucial for borehole breakout 

geometries and has to be explicitly analysed. 

 

Figure 3.5 𝜎𝐻/𝜎ℎ vs angular span (𝜃𝑏) 
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Figure 3.6 𝜎𝐻/𝜎ℎ vs normalised depth (𝐿/𝑅) 

 

Figure 3.7 𝜃𝑏  vs 𝐿/𝑅 
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According to the Kirsch solution, the stress concentration around a circular cavity can 

be calculated from the in-situ stress field, given elastic conditions (Jaeger et al. 2009):  

𝝈𝒓 =
𝟏

𝟐
(𝑺𝑯 + 𝑺𝒉) (𝟏 −

𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
(𝑺𝑯 − 𝑺𝒉) (𝟏 − 𝟒

𝑹𝟐

𝒓𝟐 + 𝟑
𝑹𝟒

𝒓𝟒
)𝒄𝒐𝒔𝟐𝜽 + ∆𝑷

𝑹𝟐

𝒓𝟐 
                   

(3.1) 

 𝝈𝜽 =
𝟏

𝟐
(𝑺𝑯 + 𝑺𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) −

𝟏

𝟐
(𝑺𝑯 − 𝑺𝒉) (𝟏 + 𝟑

𝑹𝟒

𝒓𝟒
) 𝒄𝒐𝒔𝟐𝜽 − ∆𝑷

𝑹𝟐

𝒓𝟐
 

          
(3.2) 

𝝉𝒓𝜽 = −
𝟏

𝟐
(𝑺𝑯 + 𝑺𝒉) (𝟏 + 𝟐

𝑹𝟐

𝒓𝟐 − 𝟑
𝑹𝟒

𝒓𝟒
)𝒔𝒊𝒏𝟐𝜽 

              
(3.3) 

where 𝜎𝑟  = radial stress around the circular hole, 𝜎𝜃  = tangential stress around the 

circular hole, 𝜏𝑟𝜃 = shear stress around the circular hole, 𝑆𝐻 and 𝑆ℎ  = maximum and 

minimum effective horizontal principa l stresses, 𝑅 = hole size, r = distance from the 

centre of the borehole to the location of interest; 𝑅

𝑟
 = 1/normalised breakout depth, 2𝜃 = 

180 – breakout angular span, and ∆𝑃 = the difference between fluid pressure and the 

pore pressure.  

The Kirsch solution uses the normalised breakout depth and angular span ( 𝜃𝑏) as inputs, 

which means that the stress concentrations should be identical at a certain location 

around the borehole regardless of the hole size; and, under the same stress conditions, 

breakout geometries should be the same for any hole size. However, the above 

experimental results show a substantial discrepency between the breakout geometries 

for different hole sizes.  

Based on the Kirsch solution, Barton et al. (1988) proposed a model which introduced a 

relationship between horizontal stress magnitudes and angular span. It is the basis of the 

current stress polygon technique using borehole breakout and has been implemented in 

numerous field conditions (Barton et al. 1988; Zoback and Healy 1992; Brudy et al. 

1997; Lund and Zoback 1999; Zoback et al. 2003; Valley and Evans 2015). The model 

assumes plane strain, where the rock around the borehole is subjected to resultant 

stresses from horizontal stresses only. For the sake of simplification, ∆𝑃 is assumed to 

be zero. Along the borehole, the stress conditions can be calculated as: 

𝝈𝒓 = 𝟎 (3.4) 



78 
 

𝝈𝜽 = 𝑺𝑯 + 𝑺𝒉 − 𝟐(𝑺𝑯 − 𝑺𝒉)𝒄𝒐𝒔𝟐𝜽 (3.5) 

𝝉𝒓𝜽 = 𝟎 (3.6) 

The above equations show that, along the borehole, the radial stress and shear stresses 

can be neglected. Therefore, under the plane strain assumption the rock at the borehole 

wall should experience only uniaxial compressive stress. At breakout angular span, 𝑈𝐶𝑆 

should be equal to 𝜎𝜃 from Eq. (3.5): 

𝑼𝑪𝑺 = 𝝈𝜽 = 𝑺𝑯 + 𝑺𝒉 − 𝟐(𝑺𝑯 − 𝑺𝒉)𝒄𝒐𝒔𝟐𝜽 (3.7) 

The breakout angular span hence can be estimated as: 

𝟐𝜽𝒃 = 𝟏𝟖𝟎˚ − 𝒄𝒐𝒔−𝟏 (
𝑺𝑯 + 𝑺𝒉 − 𝑼𝑪𝑺

𝟐(𝑺𝑯 − 𝑺𝒉)
) (3.8) 

in which the angular span, 2𝜃𝑏  = 180 – 2𝜃 and 𝑆𝐻 and 𝑆ℎ are assumed to be equal to 𝜎𝐻 

and 𝜎ℎ.  

𝟐𝜽𝒃 = 𝟏𝟖𝟎˚ − 𝒄𝒐𝒔−𝟏 (
𝝈𝑯 + 𝝈𝒉 − 𝑼𝑪𝑺

𝟐(𝝈𝑯 − 𝝈𝒉)
) (3.9) 

Based on the horizontal stress magnitudes and 𝑈𝐶𝑆, angular spans from experiments 

can be estimated. Given that the analytical solution does not account for the influence of 

hole size, the angular span it predicts should be the same for any hole size for the same 

stress conditions. Figure 3.8 shows the predictions and the experimental results, and it 

can be seen that the prediction has a less steep gradient compared with experimental 

results for the 15 mm hole size , although they all exhibit an increasing trend with 

increasing horizontal stress ratio. In addition, a considerable discrepancy between the 

prediction and the closest set of experimental results can be seen, which again indicates 

that hole size should be used as a parameter when investigating the breakout geometries 

under experimental scenarios. 
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Figure 3.8 Prediction of experimental results 

3.1.2.3 Hole size effect 

As observed and demonstrated by many researchers from uniaxial tests on pre-drilled 

prisms and hollow cylinder tests (Lajtai 1972; Ingraffea 1979; Mastin 1984; Ewy and 

Cook 1989; Haimson and Herrick 1989; Carter et al. 1991; Elkadi and Van Mier 2006; 

Dresen et al. 2010; Meier et al. 2013), the hole size has substantial influence on fracture 

initiation under laboratory conditions. The fracture initiation is detected by strain 

gauges or acoustic emission and assumed to first occur at the borehole wall along 𝜎ℎ, 

namely the sidewall (𝜃 = 90˚).  

If the hole size is small, the required stress concentration for fracture initiation at the 

sidewall was observed to be as large as three times the 𝑈𝐶𝑆 , where stress concentration 

is calculated from Eq. (3.2) and simplified as 𝜎𝜃 = 3𝜎𝐻 − 𝜎ℎ. As the hole size gradually 

increases, the fracture initiation stress decreases dramatically and eventually equals the 

𝑈𝐶𝑆 . Walton et al. (2015) and LeRiche et al. (2017) named this intensification of 

borehole wall as ‘borehole wall strength (𝐵𝑊𝑆)’. In this research, as the experiment 

was under conditions similar to the uniaxial tests, the only difference was the true 
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triaxial loading on rock specimens. This is perhaps the primary reason for discrepancies 

between the analytical model and experimental observations. 

The stress averaging concept was initially proposed by Lajtai (1972) to explain fracture 

initiation along the maximum horizontal stress direction along the borehole (for tensile 

fracture). Lajtai (1972) suggested that even brittle material can have ‘ductile behaviour’ 

under high stress gradient. The stress will redistribute and be averaged over a certain 

distance, 2𝑑 (Ortiz 1988). This distance is assumed to be a material property and can be 

determined based on data fitting. As the rock around the borehole is subjected to high 

stress gradient, Lajtai (1972) assumed this gradient to be linear and the average stress is 

equal to:  

𝝈𝒅 = 𝝈𝒎 + 𝒅 × (
𝛛𝝈

𝛛𝒓
)𝒓=𝑹 (3.10) 

where 𝜎𝑑 = the average stress over the distance, 𝜎𝑚 = the maximum tangential stress at 

the borehole wall, (
∂𝜏

∂𝑟
)𝑟=𝑅 = the stress gradient at the borehole wall, assumed to be 

linear over the distance of 2𝑑. If 𝜎𝑑 = the tensile strength of rock (𝑇), fracture will 

initiate at the point: 

𝑻 = 𝝈𝒎 + 𝒅 × (
𝛛𝝈

𝛛𝒓
)𝒓=𝑹 (3.11) 

Based on the Kirsch solution, Eq. (3.11) can be derived in terms of the horizontal 

stresses applied: 

𝑻 = (
𝟓𝒅

𝑹
− 𝟏)𝝈𝑯 + (𝟑 −

𝟕𝒅

𝑹
)𝝈𝒉 (3.12) 

For the uniaxial compressive condition, where 𝜎ℎ = 0, the equation can be rearranged 

as: 

𝑷𝑻 = 𝝈𝑯 =
𝑻

(
𝟓𝒅
𝑹

− 𝟏)
 (3.13) 

where 𝑃𝑇  is the required uniaxial compressive stress for fracture initiation along the 

direction of applied stress (𝜃 = 0˚). Nesetova and Lajtai (1973) implemented the same 

concept to explain the stress initiation at the borehole sidewall by using the Coulomb 

failure criterion, as the stresses at the location are compressive stresses. The same 
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approach was used as discussed above and the equation for the compressive condition 

derived as: 

𝑷𝑺 =
𝟐 × 𝝉𝒔

𝟑 − 𝟏𝟎
𝒅
𝑹

 (3.14) 

where 𝑃𝑆 = the applied uniaxial stress required for fracture initiation at the sidewall and 

𝜏𝑠 = rock shear strength. As the stress concentration around the borehole clearly does 

not drop linearly, Carter (1992) later considered the true stress gradient over the 

distance by integrating the Kirsch solution into the gradient calculation and simplified 
the failure criterion to the uniaxial compressive condition:  

𝑷𝑺 =
𝒅 × 𝑼𝑪𝑺

(𝑹 + 𝒅)(𝟏 −
𝑹𝟐

𝟐(𝑹 + 𝒅)𝟐 −
𝑹𝟒

𝟐(𝑹 + 𝒅)𝟒)
 (3.15) 

Due to the stress averaging, the stress concentration that rock around the hole is 

subjected to is considerably lower than predicted by the Kirsch solution. This in turn 

requires more stress to be applied to the rock specimen to induce fracture initiation. The 

stress concentration around the borehole can be represented by the Kirsch solution and 

its input is the normalised  depth ( 𝐿/𝑅). For the stress averaging concept, the stress 

concentration is averaged in the distance (𝑑/𝑅). Since 𝑑 does not change and 𝑅 varies 

between experiments, a larger 𝑅  will lead to a shorter normalised stress averaging 

distance (𝑑/𝑅). Consequently, the higher stress concentrates within a shorter averaging 

distance for a larger hole size compared to a smaller hole size, which eventually results 

in wider and deeper breakouts. To be more specific, 𝑑 is assumed to be 2 mm for the 

explanation. For the breakout experiment, where 𝜎𝐻 = 40 MPa, 𝜎ℎ = 10 MPa and 𝜎𝑣 = 

5 MPa, the tangential stress and the stress averaging values can be calculated based on 

Eq. (3.2) and plotted in Figure 3.9. From the figure, it is clear that the larger hole size 

has a higher averaging tangential stress. If the rock strength is the same, the higher 

tangential stress undoubtedly will produce more fractures, thus larger breakouts.  

Bažant et al. (1993) explained this borehole wall strengthening using the principle of 

conservation of energy, in which the potential energy loss due to breakout formation 

from a circular borehole is equal to the energy dissipation of rock fracturing which 

forms a breakout. In their study, Bažant et al. (1993) assumed that borehole breakout is 

formed by parallel and equidistant axial splitting of cracks which undergo the buckling 

process, see Figure 3.10. The potential energy loss is evaluated by Eshelby’s theorem 
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(Eshelby 1957), in which the potential energy can be calculated as the difference 

between the energies required to generate an elliptical cavity and a circular hole in a 

vacuum that is subjected to a biaxial stress field; the energy dissipation is calculated by 

the fracture energy release from vertical cracks within the breakout region.  

𝑩𝑾𝑺 = 𝝈𝒆𝒇  ≈ 𝑪𝟏 𝑹
−

𝟐
𝟓 + 𝑪𝟎 (3.16) 

where 𝐶1 = (
𝜋251/2

48𝑘2
𝐸′3𝐺𝑓

2)1/5  and 𝐶0 = 3(
𝐺𝐸′𝐺𝑓

5𝜆
)

1

3 .  𝐸′ = 𝐸/(1 − 𝑣2) , 𝐸  = Young’s 

modulus and 𝑣 = Poisson’s ratio, 𝐺𝑓 = 𝐾𝐼𝐶
2 /𝐸′, in which 𝐾𝐼𝐶  = fracture toughness, 𝑘 = 

empirical positive constant that is less than 1, and 𝜆  = empirical length (material 

property). According to the equation, it is also clear that, as the hole size increases, 

𝐵𝑊𝑆 decreases. Papanastasiou and Thiercelin (2010) proposed a calibration process for 

Bažant et al. (1993) to determine the parameters required under experimental data.  

 

Figure 3.9 𝜎𝜃 along the 𝜎ℎ direction and stress averaging under 𝜎𝐻 = 40 MPa, 𝜎ℎ = 10 

MPa and 𝜎𝑣 = 5 MPa 

𝑑/𝑅15 𝑚𝑚 
𝑑/𝑅11 𝑚𝑚 

𝑑/𝑅8 𝑚𝑚 
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Figure 3.10 Illustration of Bažant et al. (1993) 

The aforementioned methods require additional experimental work to determine the 

𝐵𝑊𝑆 for each rock type, which is sometimes difficult to implement due to lack of 

experimental data. As the conventional stress estimation from borehole breakout has 

difficulties in obtaining the absolute magnitudes, a machine learning algorithm has been 

developed by Lin et al. (2020). The model is trained based on the experimental data and 

validated against field data which are all from the literature. The parameters used in the 

training process include breakout depth, angular span and 𝐵𝑊𝑆. Since the previous data 

are from different rock types and do not contain the information to use the above 

techniques for 𝐵𝑊𝑆 , it is not feasible to use either technique for the general 

determination of 𝐵𝑊𝑆. Therefore, Lin et al. (2020) collected existing uniaxial test data 

(Haimson and Herrick 1989; Carter 1992) on pre-drilled blocks, see Figure 3.11, and 

derived an empirical relationship between 𝐵𝑊𝑆 and borehole size: 

𝑩𝑾𝑺 = (𝟎. 𝟎𝟎𝟎𝟓𝑹𝟐 − 𝟎. 𝟎𝟔𝟑𝟖𝑹 + 𝟐. 𝟕𝟖𝟖𝟓) × 𝑼𝑪𝑺 (3.17) 

The equation is only applicable to the determination of BWS for the experimental cases 

and primarily for model training, where the borehole radius is below 15 mm. Due to the 

similarity of rock properties between this experiment and the collected data, this 

empirical relationship was used directly for the 𝐵𝑊𝑆 calculation of Gosford sandstone. 

The estimated 𝐵𝑊𝑆 of radii 8 mm, 11 mm and 15 mm are 97.72 MPa, 90.83 MPa and 

82.23 MPa, respectively. Eq. (3.9) is again used to predict angular span with the newly 

estimated 𝐵𝑊𝑆, and results are shown in Figure 3.12. 

Equal distance ℎ 
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Figure 3.11 𝐵𝑊𝑆/𝑈𝐶𝑆 vs borehole radius after Lin et al. (2020) 

Based on the results, it can be observed that predictions are more reasonable than 

before. In particular, for a 15 mm borehole size, the prediction is very accurate 

compared with the experimental results. Barton et al. (1988)’s model overestimated the 

angular spans for both 8 mm and 11 mm borehole radii, with the 8 mm hole size having 

the largest discrepancy between predicted and experimental results. This indicates that 

the larger the hole size, the better the prediction the Barton et al. (1988) model would 

produce. However, the discrepancies may also likely be due to the lack of data for 

smaller hole sizes. As displayed in Figure 3.11, the majority of the data have hole sizes 

over 10 mm. In this case, the empirical relationship might not yield a very accurate 

estimation for 𝐵𝑊𝑆 for hole sizes below 10 mm. Collecting more 𝐵𝑊𝑆 data would 

improve the empirical relationship.  
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Figure 3.12 Experimental results with predictions including borehole size effect 

3.1.2.4 Further investigation on breakout geometries  

3.1.2.4.1 Breakout angular span 

Angular span is the most crucial parameter for in-situ stress estimation as it is reported 

to form quickly and not to widen (Mastin 1984; Zoback et al. 1985; Zheng et al. 1989; 

Schoenball et al. 2014). However, many studies have argued that the breakout angular 

span increases with 𝜎𝐻 for constant 𝜎ℎ  and 𝜎𝑣  (Haimson and Herrick 1986; Haimson 

and Herrick 1989; Haimson et al. 1991; Haimson and Song 1993; Herrick and Haimson 

1994; Haimson and Lee 2004; Lee and Haimson 2006; Lee et al. 2016), and therefore it 

is considered to be worthwhile to re-investigate the trend of angular span with respect to 
horizontal stresses. 

𝟐𝜽𝒃 = 𝟏𝟖𝟎˚ − 𝒄𝒐𝒔−𝟏 (
𝒂𝝈𝒉 + 𝝈𝒉 − 𝑩𝑾𝑺

𝟐(𝒂𝝈𝒉 − 𝝈𝒉)
) (3.18) 

The model proposed by Barton et al. (1988) is analysed here for the relationship 

between angular span and horizontal stress ratio in a vertical borehole. For the same 
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rock property, to examine whether the angular span increases with increasing horizontal 

stress ratio, 𝜎𝐻, 𝜎ℎ should be kept as a constant rather than a parameter. Thus, 𝜎𝐻 = 𝑎𝜎ℎ, 

where 𝑎 is the horizontal stress ratio; and Eq. (3.9) can be rearranged as: 

𝒇(𝒂) = 𝟐𝜽𝒃 = 𝟏𝟖𝟎˚ − 𝒄𝒐𝒔−𝟏 (
𝒂𝝈𝒉 + 𝝈𝒉 − 𝑼𝑪𝑺

𝟐(𝒂𝝈𝒉 − 𝝈𝒉)
) (3.19) 

The first order derivative of the function with respect to 𝑎 can indicate the angular span 

change with respect to the horizontal stress ratio: 

𝒅𝒇(𝒂)

𝒅𝒂
=

𝑼𝑪𝑺 − 𝟐𝝈𝒉

𝟐𝝈𝒉(𝒂 − 𝟏)𝟐√𝟏 −
(𝒂𝝈𝒉 − 𝑼𝑪𝑺 + 𝝈𝒉)𝟐  

𝟒(𝒂𝝈𝒉 − 𝝈𝒉)𝟐

) (3.20) 

Since the horizontal stress ratio, ( 𝑎 ) is always greater than 1, (𝑎 − 1) 2 and 

√1 −
(𝑎𝜎ℎ−𝑈𝐶𝑆+𝜎ℎ)2  

4(𝑎𝜎ℎ−𝜎ℎ)2
 should be greater than 0, which means the denominator of Eq. 

(3.20) is positive. Thus, the term that defines the relationship between angular span and 

horizontal stress ratio is the numerator, i.e. 𝑈𝐶𝑆 − 2𝜎ℎ. 

If 𝑈𝐶𝑆 > 2𝜎ℎ , then the function has a positive first order derivative, which means the 

breakout width increases with the horizontal stress ratio and 𝜎𝐻. This agrees with the 

prevailing argument. 

If 𝑈𝐶𝑆 = 2𝜎ℎ , the derivative is zero, which means there is an extremity occurring, 

which can also be considered as the transitional point.  

If 𝑈𝐶𝑆 < 2𝜎ℎ , a negative derivative is obtained. Given the increase in horizontal stress 

ratio, the breakout angular span can be narrower at constant 𝜎ℎ and 𝜎𝑣. This indicates 

that there may be an ‘unconventional trend’ between the angular span and the increasing 

horizontal stress ratio, which has not been observed in breakout depth in experimental 

conditions (Haimson et al. 1991; Herrick and Haimson 1994; Haimson and Lee 2004; 

Lee and Haimson 2006; Sahara et al. 2017). Figure 3.13 shows the previous 

experimental observations which satisfy this stress–strength condition and constant 𝜎ℎ 

and 𝜎𝑣. 

Interestingly, a growth in angular span with increasing horizontal stress ratio is still 

observed regardless of the 𝑈𝐶𝑆 of specimens, which disagrees with the explanation 

above. Nevertheless, this can be explained by the hole size effect discussed in the 
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previous section, in which the borehole wall strength is significantly amplified for 

smaller hole size. To take account of the hole size effect, data reported by Lee and 

Haimson (2006) is carefully analysed. Based on Eq. (3.17), the 𝐵𝑊𝑆  of the rock 

specimen is converted to 75.28 MPa. Thereby, according to Eq. (3.5), 𝜎𝜃 along the hole 

at different angles can be estimated and is depicted together with its 𝑈𝐶𝑆  and 𝐵𝑊𝑆 in 

Figure 3.14. If 𝜎𝜃 is greater than the rock strength, breakout should occur at that angle, 

i.e. the region of the stress curve that is above the 𝑈𝐶𝑆 or 𝐵𝑊𝑆 line.  

 

Figure 3.13 Previous experimental data where 𝑈𝐶𝑆 < 2𝜎ℎ 

From Figure 3.14, it can be seen that 𝜎𝜃 is higher for a higher horizontal stress ratio 

until the angular span is at 120˚. After this angle, a reverse trend can be observed such 

that the increasing horizontal stress ratio will result in a lower 𝜎𝜃 thus narrower angular 

span. At 120˚, 𝜎𝜃 can be expressed from Eq. (3.5): 

a b 

c d 
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𝝈𝜽 = 𝑺𝑯 + 𝑺𝒉 − 𝟐(𝑺𝑯 − 𝑺𝒉)𝒄𝒐𝒔𝟔𝟎˚ = 𝟐𝑺𝒉 (3.21) 

 

Figure 3.14 Tangential stress along the borehole, where 𝜎ℎ = 20 MPa 

Assuming 𝑆ℎ is constant, 𝜎𝜃 at 120˚ should always be the same regardless of 𝜎𝐻. This 

also indicates that if the rock strength is equal to 2𝑆ℎ , the breakout angular span 

produced should be 120˚, see Figure 3.14 and Figure 3.15.  

Although the experimental conditions satisfied the unconventional trend requirement, 

𝑈𝐶𝑆 < 2𝜎ℎ , the actual hole strength 𝐵𝑊𝑆 is three times more than 𝜎ℎ because of the 

small hole size tested. As 𝐵𝑊𝑆 > 2𝜎ℎ, this is still under the conventional scenario in 

which the higher stress ratio yields a wider angular span, as shown in Figure 3.13. In 

this case, Eq. (3.9) should be re-expressed in terms of 𝐵𝑊𝑆: 

𝟐𝜽𝒃 = 𝟏𝟖𝟎˚ − 𝒄𝒐𝒔−𝟏 (
𝒂𝝈𝒉 + 𝝈𝒉 − 𝑩𝑾𝑺

𝟐(𝒂𝝈𝒉 − 𝝈𝒉)
) (3.22) 

It is also noted that there is one set of data, 𝜎ℎ = 40 MPa in Lee and Haimson (2006), 

where 𝐵𝑊𝑆 < 2𝜎ℎ, but the unconventional trend is still not observed in that data. As 

discussed earlier, this might be due to the limitation of the empirical relationship, which 

𝐵𝑊𝑆 = 75.28 𝑀𝑃𝑎 

𝑈𝐶𝑆 = 35.06 𝑀𝑃𝑎 
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may underestimate the 𝐵𝑊𝑆 value for smaller hole sizes. Another possible explanation 

is the influence of the vertical stress confinement. In the their experiment, the strike-slip 

faulting mechanism ( 𝜎𝐻 > 𝜎𝑣 > 𝜎ℎ) was considered, to keep 𝜎𝑣  as the intermediate 

stress, 𝜎𝑣 had to increase with 𝜎ℎ in different tests, which can apply more confinement 

to the rock around the hole (Song 1998; Chang et al. 2010). It is hence suggested that 

under experimental conditions for breakout analysis, the influence of 𝐵𝑊𝑆  and 𝜎𝑣 

should be considered. 

 

 Figure 3.15 Tangential stresses at breakout = 120˚ 

3.1.2.4.2 Breakout depth 

Unlike the angular span, breakout depth is more complicated and difficult to predict by 

an analytical solution. This is mainly because of its inelastic deformation and time 

dependent propagation behaviour observed in the field and numerically (Mastin 1984; 

Barton et al. 1988; Kessels 1989; Schoenball et al. 2014). Another reason is that the 

stress condition is not simply in the rock along the borehole wall.  

Gough and Bell (1982) attempted to use angular span to compute the breakout depth 

based on the Mohr–Coulomb criterion. They assumed that breakout commences at the 

wall and forms into a V-shape with the intersection of two major shear fracture planes at 

the breakout tip, as shown in Figure 3.16. However, since the breakout formation and 

Depth (𝐿) 

Angular Span (𝜃𝑏) = 120˚ 
𝜎𝜃=2𝜎ℎ 𝜎𝜃=2𝜎ℎ 

30˚ 30˚ 
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propagation involve both shear and tensile fractures (Tronvoll and Fjaer 1994; Cuss et 

al. 2003; Lee et al. 2016), a simple shear failure model does not solve the problem.  

Zoback et al. (1985) combined the Kirsch solution and Mohr–Coulomb criterion and 

postulated a model in which the breakout depth can be calculated with given horizontal 

stress magnitudes and Mohr–Coulomb parameters. For the same reason as Gough and 

Bell (1982) and the breakout propagation beyond the elastic condition, the model 

significantly underestimates the breakout depth. Haimson and Herrick (1986) revealed 

that although the model underestimates the breakout depth compared with experimental 

results, the prediction of breakout depth follows a similar trend as was observed in 

experiments.  

 

Figure 3.16 Shear fractures from Gough and Bell (1982) 

Current analytical solutions cannot effectively predict the relationship between breakout 

depth and horizontal stress ratio, and it is therefore only possible to determine this 

relationship from experimental observations. The experimental results presented here, 

as well as those from previous studies (Haimson and Herrick 1986; Haimson and 

Herrick 1989; Haimson and Song 1993; Herrick and Haimson 1994; Haimson and Lee 

2004; Lee and Haimson 2006), all show that breakout depth increases with the 

 𝜃𝑏  

 𝐿/𝑅  

Breakout tip 

 Fracture initiation 
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increasing horizontal stress ratio and 𝜎𝐻 . This indicates that breakout depth should 

increase with the horizontal stress ratio.  

3.1.2.4.3 The relationship between breakout geometries 

As discussed earlier, some researchers suggest that both breakout geometries are 

dependent on each other and redundant, and that there is an exclusive relationship 

between the two geometries that is insensitive to the stress magnitudes. In this case, the 

estimation of two horizontal stress magnitudes using breakout geometries is not viable. 

Figure 3.17 shows the relationship between the breakout depth and angular span under 

various stress conditions and rock types from previous studies. It can be seen that there 

is an increasing trend between the two geometries although the gradients are very 

spread out. The relationship between the breakout geometries may be dependent on the 

material.  

Figure 3.18 shows the experimental results from Haimson and Lee (2004). From the 

illustration, it is clear that the gradients of each set of experiments are different and 

cannot be constrained in a narrow band although the trends are increasing. A series of 

very similar breakout depth values (see the red dot horizontal line in the figure) also 

have significantly different angular span values. This indicates the relationship between 

the breakout depth and angular span may not be unique. As the laboratory investigation 

was performed on the same rock properties, the only factors that changed from test to 

test are the horizontal stress magnitudes. The changes in gradients could only be the 

results of various horizontal stress magnitudes applied. The results shown here imply 

that breakout geometries may not be redundant factors for stress estimation as their 

relationship is heavily influenced by the horizontal stress magnitudes.   

As discussed in Section 3.1.2.4.1, the breakout angular span increases with the 

increasing horizontal stress ratio unless the applied minimum horizontal stress is over 

half of the 𝐵𝑊𝑆 value. This is very difficult to observe in the experimental conditions 

due to the hole size effect. On the other hand, the breakout depth increases with the 

increasing horizontal stress ratio. This is a rather special case but also shows the non-

redundancy between the two breakout geometries and the influence of horizontal stress 

magnitudes (ratio) on this relationship.  
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Figure 3.17 Previous experimental data on breakout geometries after Lin et al. (2020) 

a 

b 
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Figure 3.18 Experimental results on breakout geometries from Haimson and Lee (2004) 

3.1.3 Conclusion 

This chapter presented a set of experimental data on breakout geometries. Results 

confirm that both angular span and depth are dependent on horizontal stress magnitudes 

and ratio, which suggest that they can be used for horizontal stress estimation. Under 

the same stress condition, the comparison between breakout geometries with different 

hole sizes reveals that hole size has a substantial influence on breakout geometries. 

Larger hole size tends to yield deeper and wider breakouts, an effect which is not 

considered by the Kirsch solution or Barton et al. (1988). 

The primary reason for this discrepancy is the hole size effect, which has been discussed 

by several researchers. However, models proposed by Carter (1992) and Bažant et al. 

(1993) all include empirical parameters which require additional experiments and 

assumptions. To incorporate this effect in the experimental investigation, this chapter 

used an empirical relationship between hole size and borehole wall strength that was 

proposed by Lin et al. (2020). After taking account of the hole size effect, the 

predictions using Barton et al. (1988) are much closer to the experimental results and 
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reasonable. In general, all existing experimental investigations of hole size effect 

modify the specimen size with the hole size, i.e. the larger the hole size, the larger the 

specimen. This is not ideal because the scale effect of rock strength also exists due to 

the change in specimen dimensions, which the previous experimental results do not take 

account of when studying the hole size effect. The current study has proposed a series of 

uniaxial compression tests on block specimens with pre-drilled holes while keeping the 

specimen dimensions the same. This enables the elimination of the scale effect on 
specimen dimension changes, and a focus only on the hole size effect. 

The analysis on the previous experimental studies found that the relationship between 

the breakout depth and angular span is not unique although they appear to increase with 

each other. In fact, the relationship between the two geometries is considerably sensitive 

to the horizontal stress magnitudes. The analysis performed in this study revealed that 

the breakout angular span may be narrower if the minimum horizontal stress value is 

lower than half of the 𝐵𝑊𝑆  value. However, this is difficult to observe in the 

experimental conditions due to the hole size effect. Nevertheless, this suggests a very 

special case where the higher horizontal stress ratio could lead to a narrower but deeper 

breakout under certain stress–strength conditions. Both arguments indicate that the 

relationship between two breakout geometries is not unique, but is influenced by the 

horizontal stress magnitudes, leading to a tentative conclusion that they are not 

redundant factors for stress estimation.  

3.2 HOLE SIZE EFFECT  

3.2.1 Experimental procedures 

Gosford sandstone, a common construction material in Australia, was obtained from a 

quarry in the Sydney Basin, Australia. Based on uniaxial compressive tests and 

Brazilian tests, its material properties are uniaxial compressive strength (𝑈𝐶𝑆) of 37.6 

MPa, Young’s modulus (𝐸) of 6.0 GPa, Poisson’s ratio (𝑣) of 0.23 and tensile strength 

(𝜎𝑇) of 3.1 MPa. Samples were prepared as cubic shapes with circular holes pre-drilled 

perpendicular to the bedding plane at the centre. To study the influence of borehole size 

and specimen size on breakout initiation, two series of normal compression tests were 

carried out at various borehole sizes (6–12.5 mm radii) and specimen sizes (60 × 60 × 

60 mm3 – 135 × 135 × 135 mm3). Table 3.1 summarises the sample specifications. 
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Series 1 constant ratio tests used a constant hole radius to specimen size ratio of 10, 

whereas specimen dimensions in the Series 2 constant specimen size tests were the 

same regardless of the borehole size, as shown in Figure 3.19a. This helps isolate 

specimen size as the only parameter in the experiments to investigate its influence on 

breakout initiation stress.  

Table 3.1 Rock specimen dimensions 

Hole Size Series 1 Specimen 
Dimensions 

Series 2 Specimen 
Dimensions 

6 mm 60 × 60 × 60 mm3 135 × 135 × 135 mm3 

8 mm 80 × 80 × 80 mm3 135 × 135 × 135 mm3 

11 mm 110 × 110 × 110 mm3 135 × 135 × 135 mm3 

12.5 mm 125 × 125 × 125 mm3 135 × 135 × 135 mm3 

Normal compression tests were performed on cubic sandstone specimens via a MTS 

machine. To ensure the experimental results were not biased, tests under each condition 

were repeated three times. In total, 24 tests were conducted. Figure 3. 19b shows a 

typical experimental setup. For each test, three strain gauges were mounted inside the 

hole to detect the on-set breakout initiation. A pair of strain gauges was glued in the 

hole sidewall that was orthogonal to the axial compressive stress direction, aiming to 

measure the circumferential deformation, while the remaining gauge was placed along 

the hole direction to monitor the axial strain. Strain gauges were pre-calibrated against 

the National Instrument (NI) based on their standard resistance and the strain change 

during normal compression test was continuously collected using LabVIEW software.  
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Figure 3.19 a) Specimen dimensions, b) a normal compression test with three strain 

gauges mounted inside the hole 

3.2.2  Results and discussion 

3.2.2.1 Experimental results 

Fractures initiate and develop around the borehole prior to the sample failure due to 

local stress concentration. In general, three fracture locations are investigated in 

previous studies: the primary fracture, remote fracture and sidewall fracture (Carter et 

al. 1991). This study only focuses on sidewall fracture as it explicitly indicates the on-

set breakout initiation. As suggested by numerous researchers, the sudden decrease in 

stress–strain curves of strain gauges after the linear elastic stage can be considered as 

the critical axial stress for breakout initiation (𝜎𝑃
∗) (Nesetova and Lajtai 1973; Haimson 

and Herrick 1989; Carter 1992; Dzik and Lajtai 1996; Dresen et al. 2010; Meier et al. 

2013). Figure 3.20a shows the strain gauge recordings of the constant specimen size 

(Series 2) specimen with 11 mm borehole radius. In the figure, a deflection point can be 

observed, indicating the breakout initiation stress. The stress–strain curves of 

circumferential strain gauges show similar behaviour as the data presented in previous 

laboratory studies (Carter 1992; Dzik and Lajtai 1996; Dresen et al. 2010; Meier et al. 

2013), suggesting the breakout initiation stresses collected from this study are 

reasonable. In addition, the gradient of the axial strain gauge is rather smooth, and the 

a b 

Circumferential 

strain gauge 

Circumferential 

strain gauge 

Axial strain gauge 
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deflection point is difficult to determine accurately. In this case, the breakout initiation 

stress was solely extracted from the recordings of circumferential strain gauges. This 

approach was also undertaken by Dresen et al. (2010) and Meier et al. (2013).  

 

Figure 3.20 a) Strain gauge recordings under 11 mm borehole radius with constant 

specimen size; b) experimental results of breakout initiation stress, where the red dots 

represent the average stress at each borehole radius 

Figure 3.20b displays the experimental results of two series of tests: Series 1 constant 

ratio and Series 2 constant specimen size. As illustrated in the figure, there is no clear 

difference between the two series of tests. This implies that the specimen size may not 

have a significant influence on the borehole size effect tests, such that both test 

approaches can be used for future studies. The average values at each borehole size 

show a decreasing trend as the hole radius increases. This is in good agreement with the 

popular argument that the larger the borehole size, the lower the stress required to 

initiate borehole breakout (Bažant et al. 1993; Van den Hoek et al. 1994; Leriche 2017). 

According to the Kirsch solution (Jaeger et al. 2009), the critical tangential stress for 

breakout initiation can be expressed as:  

𝝈𝜽
∗ = 𝑺𝑯 + 𝑺𝒉 − 𝟐(𝑺𝑯 − 𝑺𝒉)𝒄𝒐𝒔𝟐𝜽 = 𝟑𝑺𝑯 − 𝑺𝒉 (3.23) 

where 𝜎𝜃 = tangential stress around the borehole, 𝜎𝐻 and 𝜎ℎ = maximum and minimum 

horizontal stresses,  𝜃  = angle from 𝜎𝐻  direction. In this chapter, experiments were 
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carried out under uniaxial compression, such that 𝜎𝐻 is equal to the axial stress applied 

and 𝜎ℎ = 0. Hence, the critical tangential stress (𝜎𝜃
∗) for breakout initiation is: 

𝝈𝜽
∗ = 𝟑𝝈𝑯 = 𝟑𝝈𝑷

∗  (3.24) 

Based on Eq. (3.24), the 𝜎𝜃
∗/𝑈𝐶𝑆  ratio for each test was calculated. Results are shown in 

Figure 3.21a, together with data in the literature collected from normal compression 

tests and hollow cylinder tests.  

Experimental results show that the experimentally studied breakout initiation stresses 

are generally higher than those of the 𝑈𝐶𝑆 values. This implies that this borehole wall 

strength (Walton et al. 2015; Leriche 2017) amplification requires careful consideration 

while investigating the influence of stress magnitudes on borehole breakout geometries 

(Lin et al. 2019). The similar trends observed from both experiments and previous 

studies confirm that there is a definite relationship between the breakout initiation stress 

and borehole radius in laboratory conditions. On the other hand, the breakout initiation 

stress tends to be equal to the 𝑈𝐶𝑆 value as the borehole radius is approximately 40 mm 

and remains constant as the borehole radius increases. In mining conditions, the 

standard exploration borehole radii are usually 37.85 mm (NQ) and 48 mm (HQ), which 

shows that this phenomenon can be neglected in field breakout analysis.   

From the figure, it is clear the 𝜎𝜃
∗/𝑈𝐶𝑆 ratios obtained from normal compression tests 

are always lower than 3, whereas the ratios in hollow cylinder tests are usually greater 

than 3. This is because the confining pressure plays a critical role in hollow cylinder 

tests rather than in normal compression tests. If the 𝜎𝜃
∗/𝑈𝐶𝑆  ratio approaches 3, Eq. 

(3.24) has to satisfy that: 

𝝈𝜽
∗ = 𝟑𝑼𝑪𝑺 = 𝟑𝝈𝑷

∗   (3.25) 

Such that the 𝑈𝐶𝑆 equals the critical axial stress for breakout initiation: 

𝑼𝑪𝑺 = 𝝈𝑷
∗   (3.26) 
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Figure 3.21 a) Experimental results against data in the literature, where the solid 

markers represent the normal compression tests, and the unfilled markers represent the 

hollow cylinder tests; b) prediction using the stress averaging concept against the 

experimental data 

a 

b 
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This is practically impossible to achieve as the sample at this point has failed as the 

axial compressive stress exceeded the rock strength. On the other hand, the hollow 

cylinder test applies hydrostatic pressure around the cylindrical specimen, in which the 

rock specimen is subjected to equal all-around stress instead of pure axial loading which 

leads to breakout nucleation prior to sample failure.   

3.2.2.2 Prediction on experimental data 

3.2.2.2.1 Stress averaging   

To model the relationship between the breakout initiation stress and radius, Lajtai 

(1972) proposed that the stress may be effectively averaged over a critical distance if the 

area is subjected to high stress gradients. This stress averaging concept was later 

extended by Carter (1992), suggesting that the critical axial stress for breakout initiation 

can be estimated by assuming the rock near the borehole is subjected to a uniaxial stress 

condition: 

𝝈𝑷
∗ =

𝒅 × 𝑼𝑪𝑺

(𝑹 + 𝒅)(𝟏 −
𝑹𝟐

𝟐(𝑹 + 𝒅)𝟐 −
𝑹𝟒

𝟐(𝑹 + 𝒅)𝟒)
  (3.27) 

where 𝑑  = material constant which represents the ability of redistributing stress 

concentration and 𝑅 = borehole radius. This formula is used in this study to predict the 

critical axial stress for breakout initiation assuming 𝑑  = 14.2 mm, which was 

determined by the curve fitting procedures proposed by Carter (1992). Figure 3.21b 

shows the model results against the experimental data in this study. The prediction 

values are quite close to the experimental results, and both indicate a decreasing trend 

with larger borehole radius. Based on Eq. (3.27), the maximum 𝜎𝑃
∗ would occur when 𝑅 

= 0 mm as the equation shows a monotone decreasing trend:  

𝝈𝑷
∗ =

𝒅 × 𝑼𝑪𝑺

(𝟎 + 𝒅)(𝟏 −
𝟎𝟐

𝟐(𝟎 + 𝒅)𝟐 −
𝟎𝟒

𝟐(𝟎 + 𝒅)𝟒)
= 𝑼𝑪𝑺  (3.28) 

At 𝑅 = 0 mm, the borehole does not exist which means that the critical axial stress (𝜎𝑃
∗) 

for breakout initiation calculated from the stress averaging concept should always be 

smaller than the 𝑈𝐶𝑆 , as discussed in the previous section for Eq. (3.26). Although the 

prediction is well aligned with the experimental results, a 14.2 mm stress averaging 
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constant,  𝑑 , seems like an extended distance which may not be appropriate for the 

calculation providing the hole radii used in the experimental investigation were smaller 

than 14.2 mm. If a 14.2 mm critical stress averaging distance is considered, the radial 

stress (𝜎𝑟) should not be negligible, such that the breakout initiation is no longer 

governed by the simple uniaxial compressive condition. The concept hence should 

either consider a shorter 𝑑 for the uniaxial compressive condition, or take account of the 

influence of 𝜎𝑟. 

Figure 3.22a illustrates the relationship between the critical axial stress for breakout 

initiation (𝜎𝑃
∗) and the stress averaging distance (𝑑) at various borehole radii. In the 

figure, it is clear that shorter 𝑑 always leads to lower 𝜎𝑃
∗, such that it provides a worse 

prediction of the experimental data presented in this study. This is mainly because the 

tangential stress is averaged over a longer distance, 𝑑. The results here indicate that this 

approach may not be applicable and the radial stress should be considered during the 

analysis.  

As 𝑑  is a material property (Lajtai 1972), any stress within the distance should be 

effectively averaged. This means not only the mean tangential stress (𝜎𝜃̅̅ )̅, but also the 

mean radial stress (𝜎𝑟̅̅ ̅) should be used over 𝑑 . The equations of each stress can be 

expressed as (Carter 1992): 

𝝈𝜽̅̅̅̅ =
𝝈𝑷

∗

𝒅
(𝑹 + 𝒅)(𝟏 −

𝑹𝟐

𝟐(𝑹 + 𝒅)𝟐 −
𝑹𝟒

𝟐(𝑹 + 𝒅)𝟒)  (3.29) 

𝝈𝒓̅̅ ̅ =
𝝈𝑷

∗ × 𝑹

𝒅
(𝟏 −

𝟑𝑹

𝟐(𝑹 + 𝒅)
+

𝑹𝟑

𝟐(𝑹 + 𝒅)𝟑)  (3.30) 

As the secondary stress (𝜎𝑟̅̅ ̅) cannot be neglected around the borehole, a commonly used 

failure criterion, i.e. Mohr–Coulomb, is considered as the governing equation, in which 

the critical failure state can be defined as: 

𝝈𝟏 = 𝑼𝑪𝑺 + 𝝈𝟑 𝒕𝒂𝒏𝝍  (3.31) 

where 𝜎1 and 𝜎3 = major and minor stresses, 𝑡𝑎𝑛𝜓 = 1+𝑠𝑖𝑛𝜙

1−𝑠𝑖𝑛𝜙
, 𝜙 = friction angle. For the 

stress state around the borehole, it can be assumed that 𝜎𝜃̅̅  ̅and 𝜎𝑟̅̅ ̅ are major and minor 

stresses, respectively and Eq. (3.31) is rearranged as: 
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𝝈𝜽̅̅̅̅  = 𝑼𝑪𝑺 + 𝝈𝒓̅̅ ̅𝒕𝒂𝒏𝝍  (3.32) 

 

Figure 3.22 a) Critical axial stress vs critical distance at various borehole sizes; b) 

prediction of critical axial stress using the stress averaging concept incorporating Mohr–
Coulomb failure criterion at various stress averaging distances 

𝑈𝐶𝑆 

a 

b 
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By substituting Eq. (3.29) and Eq. (3.30) into Eq. (3.32), the critical axial stress for 

breakout initiation can be obtained: 

𝝈𝑷
∗

=
𝒅 × 𝑼𝑪𝑺

−𝒕𝒂𝒏𝝍 × 𝑹 [𝟏 −
𝟑𝑹

𝟐(𝑹 + 𝒅)
+

𝑹𝟑

𝟐(𝑹 + 𝒅)𝟑]+ (𝑹 + 𝒅) [𝟏 −
𝑹𝟐

𝟐(𝑹 + 𝒅)𝟐 −
𝑹𝟒

𝟐(𝑹 + 𝒅)𝟒]
 

    (3.33) 

Figure 3.22b displays the prediction results using the stress averaging concept and 

Mohr–Coulomb failure criterion, given the friction angle of Gosford sandstone is 35˚ 

(Lin et al. 2019), where the horizontal red line indicates the 𝑈𝐶𝑆  value of the rock 

specimen. The prediction results should always be lower than the 𝑈𝐶𝑆  value otherwise 

the rock sample will fail. The figure shows that 𝜎𝑃
∗ first increases then decreases as the 

borehole size gets longer at various 𝑑, which does not match with the experimental 

observations from this study as well as other studies (Haimson and Herrick 1989; Carter 

1992; Dzik and Lajtai 1996) under normal compression tests. In addition, predictions in 

Figure 3.22b are practically impossible to achieve as the critical axial stress for breakout 

initiation should not be higher than the 𝑈𝐶𝑆 value of the rock specimen, as indicated by 

the horizontal red line in the figure. This is because the rock sample will fail under the 

uniaxial compressive condition, as discussed in the previous section. Results here 

suggest the approach does not reliably estimate the borehole size effect, likely due to 

two reasons: i) the failure criterion is not appropriate for the borehole size analysis , and 

different failure criteria may change the prediction curve; and ii) the stress that is 

parallel to the borehole axis is not recognised. To more precisely consider the stress 

condition around the borehole, this stress should not be neglected and needs to be 

considered for rock failure. A detailed study on various failure criteria should be carried 

out to determine the most suitable criterion given the influence of tertiary stress that is 

parallel to the borehole axis.  

3.2.2.2.2 Failure criteria considering pressure-dependency 

Based on a series of triaxial compression tests, Santarelli et al. (1986) observed that the 

Young’s modulus of the specimen changes with the applied confinement such that 

higher confinement leads to higher Young’s modulus. Santarelli et al. (1986) argued 

that the stress–strain relationship around the borehole is not simply linear elastic but 

rather pressure-dependent due to change in the radial stress (confinement) around the 

circle. Using this postulation, this study suggested that the maximum tangential stress 
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around the borehole is no longer at the borehole wall but at a distance into the rock (∆𝑟), 

which the borehole breakout will initiate at some distance away from the borehole wall 

(Santarelli and Brown 1989). This phenomenon has also been reported by numerous 

researchers in their experimental studies (Zaitsev 1985; Haimson and Song 1993; Lee 

and Haimson 1993; Cuss et al. 2003). However, the approach does not provide direct 

estimation of 𝜎𝑃
∗ , given that maximum tangential stress at the breakout initiation 

location is unknown.  

Instead, this study simply uses the Kirsch solution to represent 𝜎𝜃
∗  at the breakout 

initiation distance ( ∆𝑟 + 𝑅 ) to predict 𝜎𝑃
∗ ; this assumption has been implemented 

previously by Dresen et al. (2010) and Meier et al. (2013) in their predictions on hollow 

cylinder tests. According to the Kirsch solution (Jaeger et al. 2009), the stress 

conditions around the borehole can be expressed as:  

𝝈𝜽 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) −

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 + 𝟑

𝑹𝟒

𝒓𝟒
)𝒄𝒐𝒔𝟐𝜽  (3.34) 

𝝈𝒓 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 −

𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 − 𝟒

𝑹𝟐

𝒓𝟐 + 𝟑
𝑹𝟒

𝒓𝟒
) 𝒄𝒐𝒔𝟐𝜽  (3.35) 

𝝈𝒛 = 𝝈𝒗 − 𝟐𝒗(𝝈𝑯 − 𝝈𝒉)(
𝑹𝟐

𝒓𝟐 )𝒄𝒐𝒔𝟐𝜽  (3.36) 

where 𝑟 = point of interest from the centre of the borehole and 𝜎𝑧  = vertical stress 

around the borehole. Since breakout is initiated at the location along the minimum 

horizontal stress direction, 𝜃 = 90˚ and 𝑐𝑜𝑠2𝜃 = -1. Eq. (3.34)–Eq. (3.36) can thus be 

rearranged as: 

𝝈𝜽 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 + 𝟑

𝑹𝟒

𝒓𝟒
)  (3.37) 

𝝈𝒓 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 −

𝑹𝟐

𝒓𝟐
) −

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 − 𝟒

𝑹𝟐

𝒓𝟐 + 𝟑
𝑹𝟒

𝒓𝟒
)  (3.38) 

𝝈𝒛 = 𝝈𝒗 − 𝟐𝒗(𝝈𝑯 − 𝝈𝒉)(
𝑹𝟐

𝒓𝟐 )  (3.39) 

In the normal compression test, axial stress is the only stress applied to the sample, 

which means 𝜎𝑣 and 𝜎ℎ = 0, and 𝜎𝐻 = 𝜎𝑃
∗: 
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𝝈𝜽 =
𝟏

𝟐
𝝈𝑷

∗ (𝟏 +
𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
𝝈𝑷

∗ (𝟏 + 𝟑
𝑹𝟒

𝒓𝟒
)  (3.40) 

𝝈𝒓 =
𝟏

𝟐
𝝈𝑷

∗ (𝟏 −
𝑹𝟐

𝒓𝟐
) −

𝟏

𝟐
𝝈𝑷

∗ (𝟏 − 𝟒
𝑹𝟐

𝒓𝟐 + 𝟑
𝑹𝟒

𝒓𝟒
)  (3.41) 

𝝈𝒛 = 𝟐𝒗𝝈𝑷
∗ (

𝑹𝟐

𝒓𝟐 )  (3.42) 

The major, intermediate and minor stresses (𝜎1-𝜎3) can be expressed in terms of 𝜎𝜃, 𝜎𝑟 

and 𝜎𝑧 at the breakout initiation location. Therefore, the fracture initiation distance from 

the centre of the borehole (𝑟 = 𝑅 + ∆𝑟) was assumed to be 0.185 mm, as suggested by 

Dresen et al. (2010) in their study on sandstone. In this study, a number of failure 

criteria were tested to predict 𝜎𝑃
∗ for breakout initiation.  

Mohr–Coulomb was the first failure criterion examined, and 𝜎1  and 𝜎3 were replaced 

by 𝜎𝜃 and 𝜎𝑟 in Eq. (3.31) which can be rearranged as: 

𝝈𝑷
∗ =

𝟐 × 𝑼𝑪𝑺 × 𝒓𝟒

𝟑 × 𝑹𝟒 𝒕𝒂𝒏𝝍 + 𝟑 × 𝑹𝟒 + 𝟐 × 𝒓𝟒 + 𝑹𝟐 × 𝒓𝟐 − 𝟑 × 𝑹𝟐 × 𝒓𝟐 × 𝒕𝒂𝒏𝝍
     (3.43) 

A similar approach was taken for other failure criteria including Mogi–Coulomb (Mogi 

1967), Murrell (Murrell 1963), Stassi D’Alia (Stassi-D'Alia 1967) and linear fracture 

initiation (Ashby et al. 1986). Table 3.2 summarises the governing equations. It is noted 

that for the linear fracture initiation criterion, the stress intensity factor (𝐾𝐼𝐶) and half of 

the defect length ( 𝑐) are required. 𝐾𝐼𝐶  of coarse grained sandstone was determined 

earlier as approximately 1.46 MPa √m  by Clifton et al. (1976) using internally 

pressurised, pre-notched, thick-walled cylinder tests (IPPTWC). As discussed by Meier 

et al. (2013), 𝑐 can be represented by the pore radius; a 0.04 mm half defect length was 

selected from previous measurement (Klein and Reuschlé 2003). 

Figure 3.23 displays the prediction results of five failure criteria. From the figure, it is 

clear that the Mohr–Coulomb criterion yielded the worst prediction results, with its 

estimation approximately 1.8 times lower than the experimental results. The Stassi 

D’Alia and Murrell criteria predicted similar results, both underestimating 𝜎𝑃
∗ 

considerably, whereas the Mogi–Coulomb criterion was more accurate. The implication 

is that the vertical stress should be taken into account from a rock mechanics point of 
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view as the failure criteria considering intermediate stress had better predictions than 

those which did not. On the other hand, the linear fracture initiation criterion provided 

the best estimation results among the failure criteria, although the vertical stress was not 

incorporated in the model. This failure criterion was also examined by Dresen et al. 

(2010) and Meier et al. (2013) in hollow cylinder tests where stress conditions were 

different. Compared to the other four criteria, the linear fracture initiation criterion is 

based on fracture mechanics, indicating that this concept might be appropriate to 
explain the borehole size effect in laboratory conditions.  

Table 3.2 Governing equations 

Failure Criteria Governing Equation 

Mogi–Coulomb 
𝝉𝒐𝒄𝒕 =

𝟐√𝟐

𝟑

𝑼𝑪𝑺

𝒕𝒂𝒏𝝍 + 𝟏
+

𝟐√𝟐

𝟑

𝒕𝒂𝒏𝝍 − 𝟏

𝒕𝒂𝒏𝝍 + 𝟏
𝝈𝒎.𝟐 

Murrell (𝝈𝟏 − 𝝈𝟑)𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑)𝟐 = 𝟐𝟒𝝈𝑻(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑 ) 

Stassi D’Alia (𝝈𝟏 − 𝝈𝟑)𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑)𝟐

= 𝟐(𝑼𝑪𝑺 − 𝝈𝑻)(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑) + 𝟐𝑼𝑪𝑺

× 𝝈𝑻  

Linear fracture 

initiation 
𝝈𝟏 = 𝝈𝟑

(𝟏 + 𝒖𝟐)𝟏/𝟐 + 𝒖 

(𝟏 + 𝒖𝟐)𝟏/𝟐 − 𝒖
+ [

√𝟑

(𝟏 + 𝒖𝟐 )
𝟏
𝟐 − 𝒖

](
𝑲𝑰𝑪

√𝝅𝒄
) 

where 𝜏𝑜𝑐𝑡 =
1

3
√(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2  = octahedral shear stress, 

𝜎𝑚.2 =
1

2
(𝜎1 + 𝜎3)  = mean normal stress, 𝐾𝐼𝐶 =  stress intensity factor, 𝑐  = half of 

defect length.  

3.2.2.2.3 Empirical relationship 

To provide a simple and effective method to calculate the critical axial stress for 

breakout initiation under the normal compression test, Lin et al. (2020) proposed an 

empirical formula based on existing laboratory data:  

𝝈𝑷
∗ = (𝟎. 𝟎𝟎𝟎𝟓𝑹𝟐 − 𝟎. 𝟎𝟔𝟑𝟖𝑹 + 𝟐. 𝟕𝟖𝟖𝟓) ×

𝑼𝑪𝑺

𝟑
     (3.44) 
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Figure 3.23 (diamond points) illustrates the prediction results on the laboratory data. 

Good agreement can be observed between the estimated and experimental values, 

although there is an overall overestimation of the critical stress, with an average error 

rate of 11.9%. The approach has also been implemented in studying the relationship 

between laboratory borehole breakout geometries and horizontal stress analysis and 

showed promising results on various rock types including sandstone and limestone (Lin 

et al. 2019; Lin et al. 2020). However, further validation of the formula is required.  

 

Figure 3.23 Prediction of critical axial stress using various methods 

3.2.3 Conclusions 

Based on the experimental results from normal compression tests, the specimen size 

does not have an obvious influence on the breakout initiation stress under the same 

borehole radius, and constant specimen size and constant bore hole–specimen ratio 

specimens are both suitable for borehole size investigation. Results are also in good 

agreement with previous studies, confirming that larger borehole size would lead to 

lower breakout initiation stress given the same rock properties. This indicates that all 

data from previous tests and in this study are valid and may be used for future borehole 



108 
 

size effect studies, which in turn can enhance the understanding of relationships 

between breakout geometries, rock strength and horizontal stress magnitudes.  

The previous assumption of the stress averaging concept to neglect the influence of 

radial stress may not be fully representative of the local stress condition considering its 

long critical stress averaging distance (14.2 mm), despite its close prediction results. 

Instead, this study considered the averaged radial stress and incorporated Mohr–

Coulomb failure criterion to estimate critical axial stress for borehole breakout 

initiation. The proposed model shows unrealistic prediction of the critical axial stress, 

such that the estimation results were higher than the 𝑈𝐶𝑆  value. It is likely that this 

unreasonable prediction may be due to either the selected failure criterion or not 

recognising the stress that is along the borehole axis, suggesting that detailed 

investigation is required to consider these parameters.  

Based on the pressure-dependent model, breakout initiation would occur inside the rock 

instead of at the surface of the borehole wall. A comparative analysis of five different 

failure criteria showed that the linear fracture initiation criterion provided the most 

accurate results, indicating fracture mechanics theory might be able to address this 

phenomenon. Although this failure criterion may be used to estimate critical axial 

stress, it requires parameters that are generally difficult to obtain, i.e. 𝐾𝐼𝐶  and 𝑐; as well 

as a dubious assumption on the breakout initiation distance (∆𝑟). These assumptions 

may limit the applicability of this approach. 

On the other hand, the empirical relationship proposed by Lin et al. (2020) provides 

reasonable estimation of the experimental data. Given its simplicity and accuracy, this 

approach could be adopted if the experimental rock types are similar to the existing 

laboratory data in the empirical model. Additional experimental data can be included in 

the model and may improve its reliability. Further validation is also necessary 

considering the limited data in this study.  
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4 ESTIMATION OF MAXIMUM HORIZONTAL 
STRESS MAGNITUDE FROM KRIGING 

Currently, the most popular stress estimation technique using breakout data is the stress 

polygon technique (Barton et al. 1988; Zoback et al. 2003; Chang et al. 2010; Kim et al. 

2017). It can either provide the possible ranges of two horizontal stress magnitudes or 

predict the maximum horizontal stress given the minimum horizontal stress. This is 

primarily due to the belief that the two breakout geometries are dependent, thus only 

breakout angular span was used as the input parameter for stress estimation while 

neglecting breakout depth (Herrick and Haimson 1994; Lee and Haimson 2006; Sahara 

et al. 2017).  

Based on the experimental and analytical investigation of experimental results, Chapter 

3 demonstrated that the two breakout geometries are in fact not dependent on each 

other, indicating it is possible to use breakout depth as an input parameter for horizontal 

stress estimation. However, the explicit relationship between breakout depth and 

horizontal stress magnitudes is complex and difficult to model from a constitutional 

relationship, as discussed in Section 3.1.2. 

As reviewed in Section 2.4, the Kriging technique, a category of machine learning, can 

model non-linearity problems that may not be solved by a closed-form solution. It has 

also been successfully used in many geotechnical conditions to estimate important 

parameters, including rock porosity (Yao et al. 1999) and Rock Mass Rating (Choi and 

Lee 2007). Considering its reliability and applicability in the rock mechanics field, 

Kriging is used in this study to model the relationship between breakout ge ometries and 

horizontal stress magnitudes.  

Section 4.1 describes the basic concept and calculation scheme of Kriging, and provides 

the reasons for selecting the technique. Section 4.2 presents the training and validation 

data collected from the laboratory and field, respectively. The section also further 

explores the relationship between the two breakout geometries as well as the influence 

of horizontal stress magnitudes, to verify the argument from Section 2.2.1 and Section 

3.1.2. The Kriging model generation process is provided in Section 4.3, together with 

the validation results against laboratory data through the ‘leave-one-out cross-

validation’ technique and independent field data. This model is only applied to 
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maximum horizontal stress estimation, with its limitation on minimum horizontal stress 

also discussed in Section 4.3. 

4.1 KRIGING INTERPOLATION  

Kriging is a semi-parametric interpolation technique, which predicts the unknown 

responses of input parameters based on a given dataset. The theory was first developed 

by Krige (1951) for mining resource estimations and completed by Matheron (1973). 

The key assumption in Kriging is that a performance function can be represented by a 

stochastic Gaussian process, G(x), which is represented as: 

𝐆(𝐱) = 𝐅(𝐱, 𝐛) + 𝐙(𝐱) 
         

(4.1) 

where F(x, b)  = the deterministic mean function describing the mean trend of the 

outputs, Z(x)  = a stationary Gaussian process function with zero mean and 

autocovariance, x = a vector of random variables, and b  = a vector of regression 

coefficients = [b1 , … , bk]𝑇 .  

The first term in Eq. (4.1), the deterministic mean function, is defined as:  

𝐅(𝐱, 𝐛) = 𝐟(𝐱)𝑻𝐛 
             

(4.2) 

where f(x) = a vector with [𝑓1(x), … , 𝑓𝑘(x)]T  and 𝑓(·)= a scalar or polynomial with 

multiple variables.   

The second term in Eq. (4.1), the Gaussian process function Z(𝐱), is represented by: 

𝐙(𝐱) = 𝝈𝒁
𝟐𝑹(𝐱, 𝐱′;𝛉) 

          
(4.3) 

in which 𝜎𝑍 = the process variance, 𝑅(x, x′) = the auto-correlation function, and θ = a 

vector of hyper parameters defining the auto-correlation function. The auto-correlation 

function can flexibly represent nonlinearity of the performance function (Kaymaz 2005). 

Various types of auto-correlation functions are available including Gaussian, low order 

polynomial, and exponential functions, and an exponential auto-correlation function is 

used in this study assuming that the physical phenomena under the observed data show 

a linear behaviour near the origin (Isaaks and Srivastava 1989).  
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Given a design of experiment points and the corresponding outcomes of the 

performance function, b and 𝜎𝑍 are estimated as follows (Jones et al. 1998): 

𝐛̂ = (𝐅𝑇𝐑−1𝐅)−1𝐅𝑇𝐑−1𝐆  
           

(4.4) 

where F = the vector of 𝑓(x) at the experimental points, G  = the vector of outputs 

evaluated at the experimental points, and R  = the auto-correlation matrix at 

combinations of design points.    

𝝈̂𝒁
𝟐 =

𝟏

𝑵
(𝐆 − 𝐅𝐛̂)

𝑻
𝐑−𝟏(𝐆 − 𝐅𝐛̂)   

         
(4.5) 

where 𝑁 = the number of experimental points. The unknown θ in the auto-correlation 

matrix R is commonly calculated using the maximum likelihood estimation method as 

follows: 

𝛉̂ = 𝐚𝐫𝐠 𝐦𝐢𝐧
𝜽

[𝝈̂𝒁
𝟐 𝐝𝐞𝐭(𝐑)

𝟏
𝑵] 

         
(4.6) 

In this study, Kriging has been adopted to predict 𝜎𝐻 due to the following reasons: (i) 

the database used in this study has clear positive linear relationships between the input 

parameters and output values. Also, the deviation parts from these linear trends are 

highly non-linear and difficult to fit with conventional polynomial-based regression 

models. (ii) Once a Kriging model is developed, the model can be further improved by 

collecting more training (laboratory) data, and the prediction accuracy can be further 

improved. (iii) in contrast to other regression techniques, Kriging is an interpolation 

method, and the predictions at the training data points have no error. Therefore, the 

training data points can be exactly recycled in future predictions. 

4.2 DATA COLLECTION 

As discussed in the previous section, the Kriging technique requires training data to 

produce a reliable model for in-situ horizontal stress estimation. A total number of 106 

laboratory and 23 field data are collected for model generation and validation, 

respectively. The laboratory data are used for training because they are carefully 

monitored, parameters can be collected on a reliable standard, and statistically 

meaningful numbers of data are available. The field data are independently used only 
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for validation to mitigate the correlation between training and validation, so that the 

developed model is more practically applicable.  

4.2.1 Laboratory data collection 

Under field conditions, borehole breakouts can occur at different layers where rock is 

not sufficiently strong to withstand in-situ stresses near the borehole wall. However, it is 

difficult to obtain the stress magnitudes in that strata, whereas both stresses and 

breakout geometries can be easily controlled and measured in the laboratory with a 

repeatable process to gain more data at various stress magnitudes. For a particular 

breakout test, true triaxial stresses (𝜎𝐻 ≠ 𝜎ℎ ≠ 𝜎𝑣) are applied to the rock sample up to 

the required stress levels. Drilling is then conducted to create a hole in the centre of the 

sample to closely simulate practical conditions. Acoustic sensors are used to carefully 

observe the breakout process. The sample is kept under the same confinement after 

completion of drilling for another 20 to 30 minutes to enable full development and 

stabilisation of breakout (Lee et al. 2016). Eventually, it is filled with epoxy and cut into 

pieces for geometrical investigation.  

A total of 106 laboratory breakout data were collected from literature (Haimson and 

Herrick 1986; Haimson and Herrick 1989; Haimson and Song 1993; Herrick and 

Haimson 1994; Haimson and Lee 2004; Lee and Haimson 2006) on sandstone and 

limestone samples. All experimental data revealed that when 𝜎𝑣 and 𝜎ℎ are constant, the 

increasing 𝜎𝐻 results in wider 𝜃𝑏  and longer normalised breakout depth (𝐿/𝑟), which 

confirms that there is a correlation between 𝜎𝐻 and breakout geometries. As suggested 

by Haimson et al. (1991), there is a unique relationship between 𝐿/𝑟 and 𝜃𝑏  regardless 

of the stress magnitudes, i.e. the wider the 𝜃𝑏  the deeper the 𝐿/𝑟. The implication here 

is, for the same rock properties, if the same 𝜃𝑏  are obtained under different horizontal 

stress magnitudes, their associated 𝐿/𝑟 should also be the same. Therefore, more than 

one pair of horizontal stress magnitudes can be derived from the breakout geometries. 

The knowledge of one horizontal stress has to be provided in order to compute the 

other. This argument has also been addressed both experimentally and numerically by 

some researchers (Herrick and Haimson 1994; Haimson and Lee 2004; Lee and 

Haimson 2006; Sahara et al. 2017). Figure 4.1 shows 𝐿/𝑟 against 𝜃𝑏  for reviewed 

studies where stress magnitudes are not considered. An overall increasing trend can be 
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observed between 𝐿/𝑟  and 𝜃𝑏 , which follows the postulation from Haimson et al. 

(1991), except the scatter results reported by Haimson and Song (1993) and Haimson 

and Herrick (1989) with 20 MPa UCS and Haimson and Lee (2004), where their 

correlation coefficients are 0.25, 0.33 and 0.1. This is due to insufficient data or the 

scattering of results, whereas the other datasets have correlation coefficients above 0.64. 

Although experimental trends have a reasonable agreement with the hypothesis, the 

gradient of each trend varies significantly from study to study, which indicates 𝐿/𝑟 does 

not simply depend on 𝜃𝑏  but may rely on other factors such as rock properties. 

To examine the influence of rock properties on the gradient between 𝐿/𝑟 and 𝜃𝑏 , the 

easiest way is to study data from the same rock type. Assuming that rock is 

homogenous and isotropic, its mechanical properties should be consistent and 

insensitive to experimental conditions. Experimental data from Haimson and Lee (2004) 

is presented in Figure 4.2. It is clear that even for the same rock properties, the 

relationship between 𝐿/𝑟 and 𝜃𝑏  still varies in different test series, which is shown in 

the difference between gradients. This reveals that the change in relationship is not only 

due to rock properties, but influenced by applied horizontal stress magnitudes since they 

are the only variables between tests. It implies that the same 𝜃𝑏  resulting from different 

horizontal stress magnitudes does not necessarily refer to the same 𝐿/𝑟 under the same 

rock properties, so that a unique stress pair can be potentially derived solely from 

breakout geometries. However, this is purely based on experimental observations and 

further investigation on theories has to be taken. 

A broad range of horizontal stress ratios (𝜎𝐻/𝜎ℎ) was explored in these experiments, 

which covers possible field scenarios. In practice, due to the frictional faulting 

equilibrium, the majority of 𝜎𝐻/𝜎ℎ  are less than 3.0 (Brace and Kohlstedt 1980), 

whereas over half of the experimental 𝜎𝐻/𝜎ℎ are greater than the typical values in the 

field conditions. The large differential stress due to high 𝜎𝐻/𝜎ℎ  should display a much 

wider and deeper breakout than observed.  
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Figure 4.1 The relationship between breakout geometries at various rock strengths 

a 

b 
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Haimson and Herrick (1989) conducted a series of uniaxial compressive tests on 

limestone blocks with pre-drilled borehole radius ranging from 10 mm to 60 mm to 

study this observation. The ratio between borehole diameter and block width was kept 

at 5 to avoid any boundary effect. To have consistency throughout the experiment, the 

limestone used in their study was the same as the limestone used in breakout tests. They 

monitored breakout initiations using strain gauges and recorded the corresponding 

stresses. Results showed that the breakout initiation occurred at much higher horizontal 

stresses than theoretically estimated values. Thereby, as the borehole radius decreased, 

the initiation stresses increased dramatically. It reduced to the laboratory 𝑈𝐶𝑆  until the 

borehole radius increased to 37.5 mm. Instead of using 𝑈𝐶𝑆 for breakout study, it was 

replaced by a more representative factor – borehole wall strength (𝐵𝑊𝑆) (Walton et al. 

2015; LeRiche et al. 2017). A similar phenomenon was observed by Carter (1992) on 

limestone with borehole radius from 3.2 mm to 31 mm. The experimental results are 

displayed in Figure 4.3, in which the vertical axis is the ratio between 𝐵𝑊𝑆 and 𝑈𝐶𝑆 , 

and the horizontal axis is the borehole radius. 

 

Figure 4.2 The relationships between breakout geometries from Haimson and Lee 

(2004) 
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Since both tests were conducted on limestones, an empirical relationship was derived 

from their experimental results considering their similar lithological features, which was 

then used to convert 𝑈𝐶𝑆  to 𝐵𝑊𝑆 at different borehole radius:  

𝑩𝑾𝑺 = (𝟎. 𝟎𝟎𝟎𝟓𝒓𝟐 − 𝟎. 𝟎𝟔𝟑𝟖𝒓 + 𝟐. 𝟕𝟖𝟖𝟓) × 𝑼𝑪𝑺 
         

(4.7) 

where 𝑟 = borehole radius. For example, 𝑈𝐶𝑆  of the rock sample tested by Lee and 

Haimson (2006) is 35.06 MPa. Since an 11 mm borehole is drilled for breakout 

experiments, the referred 𝐵𝑊𝑆/𝑈𝐶𝑆 is 2.1472, as displayed in Figure 4.3 as a red dot. 

Therefore, the actual strength of the borehole wall, i.e. 𝐵𝑊𝑆 of this rock sample, is 

calculated as 75.28 MPa. The summary of 𝐵𝑊𝑆  conversion for all experiments is 

provided in Table 4.1, and the full values of geometries and stresses are provided in 

Appendix Table A1. 

 

Figure 4.3 The relationships of borehole radius and ratio between 𝐵𝑊𝑆 and 𝑈𝐶𝑆, 

indicating that the strength of borehole wall increases significantly with decreasing 

borehole radius 
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Table 4.1 Laboratory breakout data containing rock types, borehole radius, 𝑈𝐶𝑆 and 

𝐵𝑊𝑆 

 Rock Type No. of 

samples 

Sample 

Radius (mm) 
Sample 𝑈𝐶𝑆 

(MPa) 

𝐵𝑊𝑆 (MPa) 

Haimson 

and Herrick 

(1986) 

Indiana 

limestone 

16 10.7  25, 27.7  54.08, 

59.92  

Haimson 

and Herrick 

(1989) 

Indiana 

limestone & 

Alabama 

limestone 

22 10  20, 33, 38, 

43  

44.01, 

72.62, 

83.62, 

94.62  

Haimson 

and Song 

(1993) 

Cordova 

Cream 

limestone 

11 11  13  27.91  

 

Herrick and 

Haimson 

(1994) 

Alabama 

limestone 

20 11  43  92.33  

Haimson 

and Lee 

(2004) 

Tablerock 

sandstone 

19 11  39  83.74  

Lee and 

Haimson 

(2006) 

Tenino 

sandstone 

19 11  35.06  75.28  

4.2.2 Field data collection 

Due to the development of a borehole televiewer (Zemanek et al. 1969), fractures 

around a borehole can be precisely detected and analysed. This technique has enabled 

the confirmation of horizontal stress orientations using a four-armed caliper (Plumb and 

Hickman 1985). Based on the travel time of acoustic emission, breakout shapes and 
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their geometries can be computed at different depths (Broding 1981; Zoback et al. 

1985). 

Once the Kriging model is developed, it is required to carry out a validation process to 

demonstrate the reliability and its associated error. To examine the model without any 

biases, field breakout data from different locations was collected from the literature 

together with two unpublished new data provided by mine site A, a coal mine in 

Australia. All breakout data was selected where there was a stress measurement 

(hydraulic fracturing or overcoring) conducted at very near depth, which was used as 

the output effective horizontal stress magnitudes for comparison with the Kriging 

predictions. A total of 23 field data were collected as shown in Table 4.2, where 16 

measurements are from hydraulic fracturing, and 7 from overcoring. 

Table 4.2 Field breakout data collected from literature 

Source Data 

number 

Normal

ised 

depth 

(𝐿/𝑟) 

Angular 

span 

width 

(degrees) 

𝐵𝑊𝑆 

(MPa) 

Maximum 

horizontal 

stress 

(MPa) 

Minimum 

horizontal 

stress 

(MPa) 

Zoback et 

al. (1985) 

1 1.04 37 52.00 34.10 15.7 

Walton et 

al. (2015) 

2 1.10 48.00 109.05 79.00 56.00 

Shen 

(2008) 

 

 

 

3 1.06 67.00 84.00 59.13 46.08 

4 1.08 61.70 84.00 59.36 46.26 

5 1.13 72.00 84.00 59.89 46.67 

6 1.09 61.00 84.00 60.43 47.09 

7 1.14 66.80 84.00 61.62 48.02 

8 1.18 61.70 84.00 62.22 48.49 



119 
 

9 1.24 61.70 84.00 62.93 49.04 

10 1.17 66.90 84.00 63.38 49.39 

11 1.18 61.70 84.00 63.96 49.85 

12 1.18 61.70 84.00 65.17 50.79 

13 1.22 72.00 84.00 65.36 50.94 

14 1.15 72.00 84.00 65.69 51.20 

Klee et al. 

(2011) 

15 1.25 55.50 84.00 66.55 31.88 

Shen and 

Rinne 

(2011) 

16 1.08 25.00 92.40 51.79 22.53 

17 1.16 51.00 92.40 57.82 26.35 

Leriche 

(2017) 

18 1.14 42.00 102.20 72.60 37.95 

19 1.12 30.00 112.00 73.85 49.2 

20 1.18 42.00 136.94 67.09 49.49 

21 1.16 27.00 140.00 70.85 47 

Mine site A 22 1.23 19.84 18.20 13.74 10.66 

23 1.21 14.17 17.61 10.15 7.39 

Drilling mud can induce thermal stresses around the borehole if the mud temperature is 

cooler than that of the formation temperature and this can reduce the surrounding hoop 

stress (Moos and Zoback 1990). However, its effect seems to be limited to a 3%–5% 

change in the hoop stress and the possible underestimation of 𝜎𝐻 by less than a few 

MPa at 2–3 km depth (Vernik and Zoback 1992). Recent studies for stress estimation 

using borehole breakout also neglected the influence of the thermal stress (Chang et al. 
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2010; Huffman and Saffer 2016; Kim et al. 2017; Song and Chang 2018). Therefore, the 

current study does not include the effect of thermal stresses. 

To prevent the formation fluid from getting into the wellbore during drilling, the mud 

pressure is usually carefully controlled to ensure it is close to the pore pressure. Since 

the collected field data does not provide information on mud pressure, the mud and pore 

pressures are assumed to be equal and cancel out each other for the analysis. In addition, 

the training data collected from the published literature are laboratory data which only 

includes breakout geometries and 𝐵𝑊𝑆. Hence, the Kriging model cannot predict 𝜎𝐻 

using the mud pressure, pore pressure or thermal pressure. 

Mine site A is located in the Hunter Valley coalfield, north-west of Newcastle, 

Australia. A series of boreholes was drilled at the site between 2010 and 2012 and 

geophysical logging and acoustic scanning were also undertaken. Based on the acoustic 

data, breakouts were found in several locations along boreholes below 260 m depth, 

especially in the siltstone layer where the rock is extremely weak. In this study, 

breakout data from borehole RUD027 and RUD028 was selected for fie ld validation as 

overcoring stress measurements were conducted in these boreholes at nearby breakout 

depth. A typical cross section of breakout from acoustic data is provided in Figure 4.4. 

𝑈𝐶𝑆 data from the literature was obtained either from laboratory or sonic velocity. As 

addressed in the previous section, 𝑈𝐶𝑆 in laboratory data is much stronger than 𝐵𝑊𝑆 in 

field data, therefore a downscale factor is required to convert the laboratory 𝑈𝐶𝑆  to 

𝐵𝑊𝑆. Based on experimental observation, Martin (1997) proposed that 𝐵𝑊𝑆 is either 

50% or 70% of laboratory 𝑈𝐶𝑆  depending on the orientation of the borehole with 

respect to the stress conditions. This is because the stress concentration around the 

borehole wall varies at different orientations. Thus, the corresponding correction factors 

were applied to each case according to their borehole orientations. 
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Figure 4.4 A cross-sectional view of breakout at 271.3 m in borehole RUD028, where 

the minimum horizontal stress direction is approximately at 165˚ 

In practice, unbroken long core samples are sometimes unavailable for laboratory 

testing to obtain their 𝑈𝐶𝑆 values, especially in weak strata. Thereby, it is crucial to 

obtain reasonable rock strength to implement appropriate underground design and 

control measures. Hence, empirical relationships between in-situ 𝑈𝐶𝑆  and sonic 

velocity were constructed and implemented in the mining and petroleum industries 

(McNally 1987; Entwisle et al. 2005; Chang et al. 2010; Oyler et al. 2010) as sonic 

velocity can be easily attained from commonly used geophysical logs. Chang et al. 

(2006) and Azimian et al. (2014) provided summaries of these empirical relations for 

various rock types. Given the representativeness of sonic velocity on in-situ rock 

strength, the estimated values are directly used as 𝐵𝑊𝑆. 

4.3 KRIGING MODEL AND RESULTS 

4.3.1 Model generation  

4.3.1.1 Deterministic trend analysis  

To predict 𝜎𝐻, the Kriging model in Eq. (4.1) is constructed by defining the following 

two terms: (i) the deterministic mean function and (ii) the stationary Gaussian process 

function. The first term can be defined by confirming the deterministic trend of the data 
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along each of the three identified parameters: 𝐿/𝑟, 𝜃𝑏 , and 𝐵𝑊𝑆. Figure 4.5a shows the 

relationship between 𝐿/𝑟 and 𝜎𝐻 for the 106 experimental data points. It clearly shows 

the positive proportional relationship between 𝜎𝐻  and 𝐿/𝑟 . The data points are 

distributed along the least-square linear fitting line, which is shown as a dotted line.  

 

Figure 4.5 a-c) Relationship between 𝜎𝐻 and 𝐿/𝑟, 𝜃𝑏  and 𝐵𝑊𝑆, respectively; d-f) 

relationship between residual 𝜎𝐻 and these parameters 
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To statistically measure the linearity of two parameters, the Pearson correlation 

coefficient has been used as follows:  

𝝆𝒙,𝒚 =
𝑪𝑶𝑽(𝒙, 𝒚)

𝝈𝒙𝝈𝒚
 

           
(4.8) 

where 𝜌𝑥 ,𝑦 is the correlation coefficient of two parameters 𝑥 and 𝑦 , 𝐶𝑂𝑉(𝑥, 𝑦) is the 

covariance of 𝑥 and 𝑦, and 𝜎𝑥 and 𝜎𝑦 are standard deviations of 𝑥 and 𝑦. The correlation 

coefficient has a value between -100% and 100%, where 100% means the positive 

deterministic linear relationship, 0% means no deterministic relationship, and -100% 

means the negative deterministic linear relationship between x and y. The correlation 

coefficient between 𝐿/𝑟 and 𝜎𝐻 is calculated to be 66.83% showing a moderate positive 

linear correlation.  

Figure 4.5b shows the relationship between the 𝜃𝑏and 𝜎𝐻 in the experimental database. 

Similar to 𝐿/𝑟, the experimental data are distributed along the least-square linear fitting 

line shown as a dotted line. The linear relationship is even stronger, and the correlation 

coefficient is calculated as 69.78%.   

As breakout is a phenomenon of rock fracture, the derived 𝜎𝐻 does not simply represent 

the stress magnitude but is also related to the rock strength. In theory, if other 

parameters are constant, the higher 𝐵𝑊𝑆 requires higher 𝜎𝐻  to cause failure of the 

borehole wall and lead to breakout formation. Figure 4.5c shows the relationship 

between 𝐵𝑊𝑆  and 𝜎𝐻  in the experimental database. It shows a positive linear 

relationship with the correlation coefficient of 60.27%, but due to the nature of the 

design of the experiments, for fixed values of 𝐵𝑊𝑆, multiple 𝜎𝐻 values exist.  

From these observations, a least-square linear regression model is used to define the 

deterministic trend over the identified three parameters: 𝐿/𝑟, 𝜃𝑏  and 𝐵𝑊𝑆. Then, the 

deterministic trend of the values of 𝜎𝐻 is removed by dividing the values of 𝜎𝐻 by the 

linear regression values, and the deterministic term becomes a constant. Only the 

residuals are used in the Kriging process, where the mean is independent from the data 

locations. This technique is called the Ordinary Kriging (Matheron 1973). The division 

form has been used to make the predicted 𝜎𝐻 values always positive that corresponds to 

reality. The residuals are plotted in Figure 4.5d–f for each of the three identified 

parameters. Figure 4.5d shows the relationship between 𝐿/𝑟 and 𝜎𝐻 after dividing the 



124 
 

experimental values of 𝜎𝐻  by the linear regression model prediction values. The 

horizontal line at 𝜎𝐻 value of 1.0 means the deterministic linear relationship between 

𝐿/𝑟 and 𝜎𝐻 . The figure shows the highly nonlinearly distributed residuals along this 

horizontal line with no constant bias. This is also well observed in the residuals for 𝜃𝑏  

and 𝐵𝑊𝑆 as shown in Figure 4.5e–f, where no constant bias is observed. The residuals 

have nonlinear relationships with the parameters, and they are predicted by an Ordinary 

Kriging model represented as the second term only in Eq. (4.1). In this chapter, the 

Kriging model is defined by extensively utilising a Kriging Toolbox DACE in 

MATLAB® (Lophaven et al. 2002). 

4.3.1.2 Limitation of the experimental database for 𝜎ℎ prediction 

This study limits the scope to the prediction of 𝜎𝐻 and does not attempt to predict 𝜎ℎ. 

This is due to the nature of recorded 𝜎ℎ data in the experimental database, which are 

difficult to distinguish according to the identified parameters, i.e., 𝐿/𝑟, 𝜃𝑏 , and  𝐵𝑊𝑆. 

In Figure 4.6a–c, it is observed that, in many cases, more than one parameter values 

yield the same 𝜎ℎ value. For example, in Figure 4.6a, for the same  𝜎ℎ of 40 MPa, the 

corresponding 𝐿/𝑟 values are 1.15, 1.19, 1.28, 1.60, 2.13, 2.36 and 2.53. This is due to 

the design of the experiments in the database. In many of the studies, the primary 

interest of the authors was to investigate the influence of 𝜎𝐻 and 𝜎𝐻/𝜎ℎ  on breakout 

geometries. To achieve this aim, 𝜎ℎ applied to rock samples was fixed, while increasing 

𝜎𝐻 for multiple experiments. Because of this, the clear identification of the relationship 

between 𝜎ℎ  and the parameters is impossible, which makes the prediction of 𝜎ℎ 

difficult. Therefore, it is difficult to utilise the collected experimental database for a 𝜎ℎ 

prediction, and the scope of this study is limited to the prediction of 𝜎𝐻. 

To improve the reliability of the model and develop its application for 𝜎ℎ, it is necessary 

to explore the influence of 𝜎ℎ on breakout geometries. This can be done by conducting a 

series of experiments which keep 𝜎𝐻 constant and change the values of 𝜎ℎ, as opposed 

to the focus of earlier studies on 𝜎𝐻. 
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Figure 4.6 a–c) Relationships between 𝜎ℎ and 𝐿/𝑟, 𝜃𝑏and 𝐵𝑊𝑆, respectively; d) 𝜎𝐻 

predictions and LOOCV validations 

4.3.2 Model validation 

4.3.2.1 Validation through leave-one-out cross-validation using experimental data only 

The simplest and widely used validation method to test the accuracy of a prediction 

model is to use the two sets of data: a training set and a test set. The prediction model is 

constructed based on the training set, and it is validated through the test set. However, 

because this method uses only a sub-set of the data for training, when the number of 

data points is limited, this method can limit the prediction capacity and the coverage of 

the parameter range.  
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The leave-one-out cross-validation (LOOCV) method (Stone 1974), which is a special 

case of k-fold cross-validation, is a more appropriate validation method when the 

number of data is limited. It fully utilises the full set of data for training and validation 

at the same time. If there are n independent observations, i.e., y1,…,yn, LOOCV is 

carried out according to the following steps: 

1. Remove one datum, yi, from the database so that the remaining number of data b

ecomes n – 1. 

2. With the n – 1 remaining data, train the prediction model. 

3. Validate the model with the removed datum, yi, and calculate the prediction error.  

4. Repeat steps 1–3 for i = 1,…,n and calculate the statistics of the prediction error 

in step 3. 

In this study, a Kriging prediction model is developed by training it with the 106 

experimental data points introduced in Section 3.1. To fully utilise the experimental 

database, LOOCV has been applied for validation, i.e., the model is trained with 105 

data and validated for the remaining one data, and this process is repeated for all 106 

data. The prediction results are presented in Figure 4.6d, in which the Kriging 

predictions are compared to the experimental data throughout the leave-one-out process. 

The relative prediction error is represented by:  

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒆𝒓𝒓𝒐𝒓 =  
𝑬𝒙𝒂𝒄𝒕 − 𝑷𝒓𝒆𝒅𝒊𝒄𝒕𝒊𝒐𝒏

𝑬𝒙𝒂𝒄𝒕
 

         
(4.9) 

and its average is calculated as 10.59% for the 106 data. The histogram of the relative 

errors for 106 data is presented in Figure 4.7a. Although most of the relative errors are 

skewed towards less than 10% error, there are several high relative prediction errors 

greater than 30%. These points are not outliers but are important data that must be 

included in the training. Missing those data significantly reduces the prediction 

accuracy.  
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Figure 4.7 a) Histogram of relative prediction errors for 106 experimental data; b) 𝜎𝐻 

predictions and validations with the field data; c) histogram of the relative prediction 

errors for the 23 field data; (d–f) the values of each parameter in the experimental and 

field data 

4.3.2.2 Validation through field data 

Although the proposed Kriging model was validated through experimental data in the 

previous section by showing remarkable accuracy, the use of the model can still be 
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restricted within the range of the parameter values in the training database. To 

extensively examine the prediction performance of the proposed Kriging model for a 

practical use, the model is again validated using the 23 field data introduced in Section 

3.2 that is independent of the laboratory data. The field data includes two unpublished 

new data collected from mine site A, and the remaining data are extracted from the 

literature. All the field data are used only for validation, and they are not used for the 

training of Kriging model. The validation process is conducted by directly comparing 

the predicted 𝜎𝐻 values and the field data values, and therefore, LOOCV is not needed.   

The Kriging predictions are represented in Figure 4.7b, where the predicted values and 

the available field data values are compared. The Kriging predictions vary along the 

data points, and the average relative error is statistically estimated as 8.4% that is close 

to field measurements. In reality, there are some inherent errors associated with stress 

measurements, and it is impossible to obtain true/exact values with zero errors. This 

means that the proposed Kriging model shows similar predictions to field 

measurements. This method provides high quality estimations considering its utilisation 

on existing borehole scanning data rather than expensive measurements from ancillary 

equipment.  

Better accuracy has been achieved with the field data because the average relative error 

in the previous section with LOOCV validations was affected by the cases with missing 

important data points. However, in this field data validation, the full set of 106 

experimental data points is used, and those important data points are included in the 

training of the Kriging model. Figure 4.7c shows the histogram of the absolute values of 

the relative errors for the 23 field data and the maximum error was 24.8% that is much 

lower than 49.59% in the LOOCV validation with experimental data. The histogram is 

well skewed towards the values less than 10%. The predicted values and the relative 

errors for the 23 field data are fully reported in Table 4.3.          

In field conditions, 𝜎ℎ can be more reliably obtained than 𝜎𝐻. For instance, hydraulic 

fracturing only measures 𝜎ℎ, whereas its 𝜎𝐻 calculation relies on 𝜎ℎ as a parameter. This 

yields a less reliable 𝜎𝐻  estimation where the accuracy can be more than ± 20% 

(Ljunggren et al. 2003). In contrast, overcoring can directly predict 𝜎𝐻 but it is based on 

the theory of elasticity, which is difficult to achieve in deep locations due to the 

lamination or fracture of rock (Gaines et al. 2012). Given the 70% success rate of 
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SIGRA In-situ Stress Testing (IST) overcoring (Gray and See 2007) and around 20% 

associated error from experience, 10.59% error on laboratory 𝜎𝐻 predictions from this 

Kriging model is remarkable.  

  Table 4.3 Predicted 𝜎𝐻 and their prediction errors for the 23 field data 

Data number 

Maximum 

horizontal 
stress 

(MPa) 

Predicted 

maximum 
horizontal stress  

(MPa) 

Relative error 

1 34.10 30.63 0.109 

2 79.00 63.86 0.192 

3 59.13 59.37 -0.004 

4 59.36 59.55 -0.003 

5 59.89 65.75 -0.098 

6 60.43 59.51 0.015 

7 61.62 63.43 -0.029 

8 62.22 56.00 0.100 

9 62.93 65.81 -0.046 

10 63.38 59.21 0.066 

11 63.96 56.00 0.124 

12 65.17 56.00 0.141 

13 65.36 63.90 0.022 

14 65.69 62.87 0.043 
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15 66.55 55.89 0.160 

16 51.79 46.03 0.111 

17 57.82 55.01 0.049 

18 72.60 58.39 0.196 

19 73.85 55.54 0.248 

20 67.09 65.35 0.026 

21 70.85 64.37 0.091 

22 13.74 13.44 0.022 

23 10.15 10.52 -0.037 

  Average 0.084 

 

To compare the data distributions of the training data and validation data, the laboratory 

and field databases are compared in terms of the input parameters Figure 4.7d–f show 

the comparison of each parameter values between the 106 experimental data and the 23 

field data. In Figure 4.7d, it is seen that the range of 𝐿/𝑟 in the experimental data is 

from 1.08 to 2.53 while that in the field data is from 1.036 to 1.25. Higher differential 

stress and weak rock strengths are two major reasons that can lead to longer 𝐿/𝑟. Figure 

4.8 shows that some 𝜎𝐻/𝜎ℎ applied in experimental conditions are beyond those in the 

field data, and the absolute stress magnitudes are close, which indicates their differential 

stress is greater. Although a group of field data has very high absolute stress 

magnitudes, their 𝜎𝐻/𝜎ℎ  is low and so is the differential stress. The size of dots 

represents the intensity of the rock strength, and it is clear that the majority of the field 

conditions have similar or stronger rock compared to experiments, which again shows 

that experimental data should produce longer 𝐿/𝑟 than field data. Therefore, the broader 

coverage of 𝜎𝐻/𝜎ℎ in experimental conditions yields a wider range of 𝐿/𝑟. 
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The difference between field and experimental data shows that many of the field data 

exist outside the range of the experimental data but the overall prediction accuracy has 

even been improved. One of the main reasons for this is because the deterministic trend 

function in the Kriging model well predicts the overall trend in the outside range of the 

training data, and the residuals are also well predicted by the trained Kriging model. 

This is again seen in Figure 4.7e where the range of 𝜃𝑏  in the experimental data is from 

27 to 138 while the range of the field data is from 14.17 to 72. Similarly, this 

observation can be explained by the difference in differential stress and rock strength 

between two types of data. This means that some field data points have values lower 

than the minimum value in the experimental data but the overall prediction of the 

proposed Kriging model is still accurate. Moreover, Figure 4.7f shows the range of the 

𝐵𝑊𝑆 values in the experimental data from 27.91 to 94.62 while that of the field data is 

from 17.61 to 140.00, which has wider bounds. 

 

Figure 4.8 𝜎𝐻/𝜎ℎ vs 𝜎ℎ for both field and experimental data, where the size of the dot 

represent strength of the rock. It is observed that experimental data has a much wider 

coverage of 𝜎𝐻/𝜎ℎ 
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To further investigate the reasons behind the Kriging prediction accuracy, the input 

parameter values of field data and their nearby 𝜎𝐻  experimental data points are 

compared at the data points with relatively high and low prediction accuracies. Figure 

4.9 shows the values of 𝐿/𝑟, 𝜃𝑏  and 𝐵𝑊𝑆, and 𝜎𝐻  at four field data points with the 

highest prediction accuracy. To have a clear observation on 𝐿/𝑟, the values presented in 

the figures are 10 times the original values. These values are compared with those at the 

nearest experimental data points. Due to the interpolating nature of the Kriging, the 

nearest training points should affect the prediction accuracy of the Kriging model. In 

Figure 4.9a–c, the values of 𝐿/𝑟, 𝜃𝑏 , 𝐵𝑊𝑆 and 𝜎𝐻 at the three best prediction points are 

represented as white bars, and those of the nearest experimental data points are 

represented as black bars. In all of these sub-figures, the values of the white and black 

bars are almost the same, which means that the values of 𝐿/𝑟, 𝜃𝑏  and 𝐵𝑊𝑆, and 𝜎𝐻 are 

nearly identical in the field data points and the nearest experimental data points. This 

yields very accurate interpolations. On the other hand, Figure 4.9d shows the fourth 

accurate data point, where the white and black bars show a big difference especially for 

the parameters of 𝜃𝑏  and 𝐵𝑊𝑆. This means that the field data point is not located within 

the range of the experimental database, and the nearest experimental data point has 

much greater 𝜃𝑏  and 𝐵𝑊𝑆. However,  𝜎𝐻 values for those data points are also greater, 

and this well represents the positive linear proportional trend between the parameters 

and 𝜎𝐻. Therefore, the prediction at this field data point is quite accurate although the 

data point is located outside the range of the experimental database. This is because, for 

a particular pair of 𝐿/𝑟 and 𝜃𝑏  at given 𝐵𝑊𝑆, there should be only a unique solution of 

corresponding horizontal stress magnitudes for vertical boreholes. If the input 

parameters have very close values against training data, the estimated 𝜎𝐻 should also be 

very accurate.  
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Figure 4.9 The four field data points with the highest prediction accuracy and the 

comparison with the nearest experimental data points. 𝐵𝑊𝑆 and 𝜎𝐻 are in MPa, 𝜃𝑏  is in 

degrees and 𝐿/𝑟 is a ratio: a) prediction error = -0.3%; b) prediction error = -0.4%; c) 

prediction error = 1.5%; d) prediction error = 2.2% 

Figure 4.10 shows the four field data points with the worst prediction accuracy. In all 

four sub-figures in Figure 4.10, the nearest experimental data points do not have similar 

input parameter values. The differences in each parameter for both the four best data 

and worst data are displayed in Table 4.4. This means that the predictions are 

interpolated from far-distance data points. Also, there is no positive linear relationship 

observed between the fie ld and nearest experimental data points for their parameter 

values. This means that the field data do not follow the general trend of the nearest 

experimental data, and this affects the accuracy of the predictions. For example, in 

Figure 4.10a, it is found that, the field data has higher 𝜃𝑏  with lower 𝐵𝑊𝑆 at 16.67% 

and 25.23%, but its 𝜎𝐻 value is 45.84% smaller than the nearest experimental data. This 

shows the inconsistency between the experimental and field data points, and this makes 

the prediction inconsistent. Similar inconsistencies in terms of their values or trends are 

found in the other sub-figures. Although these points yield the worst predictions, their 

accuracies are still reasonable considering the maximum error is only 24.8%. By 

collecting more data, the prediction errors are expected to be further reduced.  
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Figure 4.10 The four field data points with the lowest prediction accuracy and the 

comparison with the nearest experimental data points. BWS and 𝜎𝐻 are in MPa, 𝜃𝑏  is in 

degrees and 𝐿/𝑟 is a ratio: a) prediction error = 24.8%; b) prediction error = 19.6%; c) 

prediction error = 19.2%; d) prediction error = 16% 

Table 4.4 Difference between input parameters for best and worst predictions, where % 

indicates the percentage difference between the field data and the nearest experimental 

data 

Data 

number 

Normalised 

depth (%) 

Angular span, 

width (%) 

BWS 

(%) 

Maximum 

horizontal stress 

(%) 

1 7.41% 3.73% -0.31% 1.07% 

2 9.43% -4.48% -0.31% 1.48% 

3 6.42% 4.92% -0.31% -0.71% 
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4 -5.82% 81.45% 53.37% 65.94% 

5 -0.89% 16.67% -25.23% -45.84% 

6 -0.44% 7.14% -9.66% -14.60% 

7 2.73% -6.25% -15.33% -21.52% 

8 -2.40% -7.21% -0.31% -24.87% 

4.4  CONCLUSIONS 

This study proposes a machine learning-based meta-model using Kriging and breakout 

data to predict the maximum in-situ horizontal stress. To identify the important 

parameters used in this Kriging model, the relationships between various breakout 

parameters were investigated. The results indicated that the relationship between 

breakout geometries is sensitive to the change in the horizontal stress magnitudes, 

which also implied that the horizontal stress magnitudes can be estimated from breakout 

geometries and rock strength if an appropriate technique is implemented. In addition, 

previous experimental data showed that the strength of the borehole wall depends on the 

radius of the borehole. The borehole wall strengthens dramatically when the borehole 

radius decreases, which can be over 2.5 times the 𝑈𝐶𝑆 . In field conditions, this 

phenomenon is not observed because the borehole radius is large enough. However, 

borehole size effect is particularly important when generating a Kriging model, since 

the rock strength from both field and laboratory data has to be on the same scale to 

produce reliable estimation. Therefore, it is suggested to carry out further study on 

borehole radius to investigate the mechanism while quantifying this relationship. 

Through analysis of laboratory data, the three most influential breakout parameters were 

identified for horizontal stress estimation: 𝐿/𝑟, 𝜃𝑏  and 𝐵𝑊𝑆. 

A Kriging model was constructed based on the identified parameters and trained using 

106 experimental data. Leave-one-out cross-validation was used to validate the 

prediction accuracy of the proposed Kriging model, and it provided the average Kriging 

prediction errors of 10.59% on experimental data and 8.4% for the field data based on a 

direct validation. Compared to other existing stress measurement techniques, which 

have high 𝜎𝐻 estimation error rates, the proposed Kriging model is simple, accurate and 
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cost-effective. The reasons behind the Kriging prediction error were also investigated by 

comparing the input parameter values of the field data and their nearby experimental 

data points when relatively high and low prediction accuracies were observed. The 

proposed Kriging model did not aim to predict 𝜎ℎ due to the nature of the experimental 

design of the data used for training, in which the trend of 𝜎ℎ values was unclear. It is 

expected that collecting a broader range of databases will further improve the accuracy 

and the prediction coverage of the proposed Kriging model in practical conditions. 
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5 NUMERICAL SIMULATION OF BOREHOLE 
BREAKOUT AND BOREHOLE SIZE EFFECT 
USING DISCRETE ELEMENT METHOD 

As discussed by a number of researchers, breakout angular span is a more reliable 

parameter than its depth for horizontal stress estimation (Zoback et al. 1985; Barton et 

al. 1988; Lee et al. 2016). This is because breakout angular span forms at the initial 

stage of borehole breakout and remains constant, and is followed by the subsequent 

elongation in the minimum horizontal stress direction (Sahara et al. 2017). However, 

this process is difficult to observe in experimental conditions since the specimen is 

sealed with pressure applied from all conditions.  

Numerical analysis is a powerful tool which can simulate different rock mechanics 

scenarios. As reviewed in Section 2.3, the Discrete Element Method (DEM) software, 

Particle Flow Code (PFC), is a promising technique to simulate borehole breakout 

behaviour, especially for micro-mechanical investigation and breakout formation 

analysis (Fakhimi et al. 2002; Li et al. 2006; Lee et al. 2016). To enhance the 

understanding of breakout development and critical parameters, borehole breakout is 

simulated by PFC under different stress conditions.  

Section 5.1 discusses the experimental breakouts that were simulated. The calibration 

process and simulation procedures are provided in Section 5.2, including the micro-

mechanical properties in the model. Section 5.3.1 and Section 5.3.2 present the 

simulation results from Section 5.2, including breakout development, different 

horizontal stress conditions and borehole size effect.  

As mineral resources at shallow depths are being extracted to meet the increasing global 

demand, exploration and exploitation activities at deeper locations have gained 

considerable attention (Nickless 2016). For instance, the current geothermal wells have 

been carried out at depths of up to 5000 m (Ranjith et al. 2017), and mining operations 

occur at more than 1000 m depth in many countries including China, South Africa and 

Ukraine (Xie et al. 2015; Al Sayed et al. 2016; Xie 2017; Gürtunca 2018). In deep 

locations, the temperature is usually high and can have an impact on the mechanical 

properties of rock (Yang et al. 2017). This thermal effect may also influence the 
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breakout geometries and thus affect the horizontal stress estimation. Due to limitations 

in laboratory conditions, it is difficult to perform true triaxial tests on samples under 

various temperatures. PFC has an embedded model to investigate the thermal effect, 

which has been used by numerous researchers in rock mechanics problems (Wanne and 

Young 2008; Zhao 2016; Zhao et al. 2019). In Section 5.3.3, the influence of 

temperature on breakout geometries and borehole size effect is studied. The other 

parameters that are considered include horizontal stress conditions and borehole radius.  

5.1 EXPERIMENTAL DATA 
Existing experimental data was used in this study to validate the numerical simulation 

results. Cubic Gosford sandstone samples (120 × 120 × 120 mm3) with pre-drilled holes 

(8 mm, 11 mm and 15 mm radii) were loaded under true triaxial stress conditions (𝜎𝐻 >

 𝜎ℎ  >  𝜎𝑣) using a specially designed confinement cell at room temperature to mimic 

field scenarios, as shown in Figure 5.1. The experiments applied various maximum 

horizontal stresses while keeping the minimum horizontal and vertical stress 

magnitudes at the same level. At the completion of experiments, samples were cut in 

half along the maximum horizontal stress direction and underwent optical scanning to 

precisely measure the breakout geometries. A detailed description of the experimental 

procedures is given in Lin et al. (2019). 

 

Figure 5.1 UNSW confinement cell (Lin et al. 2019) 
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The interpretation of experimental results suggests that both breakout geometries are 

dependent on the maximum horizontal stress magnitudes, where higher maximum 

horizontal stress led to wider and longer breakouts. This can be seen in Figure 5.2. 

Results showed an overall agreement with previous research (Haimson et al. 1991; 

Haimson and Song 1998; Haimson and Lee 2004; Lee and Haimson 2006), indicating 

there is a definite relationship between breakout geometries and horizontal stress 

magnitudes. It can also be seen that the larger hole size resulted in wider and deeper 

breakouts under the same stress conditions. This is also in line with the observations 

from Haimson and Herrick (1989), Carter (1992) and Bažant et al. (1993), where the 

stress required to initiate borehole breakout is much higher for smaller borehole size 

than for the larger boreholes. In addition, the angular expansion and deepening rate of 

breakouts with 8 mm and 11 mm borehole radii appear steady and similar with 

increasing maximum horizontal stress, whereas the rate at 15 mm borehole radius is 

much higher.  

5.2 NUMERICAL SIMULATION 

5.2.1 Particle Flow Code 

Although breakout geometries under different stress conditions were investigated in the 

laboratory, the formation mechanism cannot be effectively studied due to the limitation 

of the equipment. It is not possible to capture the breakout geometries at various stages 

of the experiment unless the sample is taken out of the equipment for CT-scanning 

numerous times during the test. To overcome the shortcomings of the experimental 

work and study breakout geometries in detail, two-dimensional Particle Flow Code 

(PFC2D) was implemented in this study to reproduce the laboratory results. PFC2D is 

software developed by Itasca Group using the DEM in which the rock is represented by 

an assembly of solid particles that are bonded by the cementing material in between 

(Itasca 2018). Cracking occurs at the contact bonds if the associated tensile or shear 

force exceeds the corresponding strengths, while the coalescence of bond breakages can 

represent the macro-fracture initiation and development. The governing fracture 

criterion is Mohr–Coulomb.  
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Figure 5.2 Breakout geometries vs horizontal stress ratio after Lin et al. (2019) 

In general, there are two basic bond models: contact bond (CB) and parallel bond (PB) 

models. The CB model is considered as a ‘point of contact’ between particles whereas 

the PB model is envisioned as a beam distributed along a rectangular area and centered 
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at the point of contact. In recent years, the flat-joint model has also gained significant 

attention in simulating rock behaviour (Vallejos et al. 2017; Bahaaddini et al. 2019). In 

this study, the PB model was adopted to closely simulate the breakout phenomenon, 

primarily due to its popularity in previous numerical investigation of borehole related 

studies (Peter-Borie et al. 2015; Duan and Kwok 2016; Lee et al. 2016; Zhao 2016; 

Zhou et al. 2016) 

5.2.2 Model calibration  

In PFC2D, the physical properties cannot be directly assigned to the synthetic sample 

and a ‘trial and error’ process is required to calibrate the micro-mechanical properties of 

synthetic rock against the macro-responses of Gosford sandstone. For this purpose, a 42 

× 100 mm2 specimen was generated in the model with the particle radius ranging from 

0.2 mm to 0.28 mm. Based on the calibration methodology proposed by Potyondy and 

Cundall (2004), the uniaxial compressive strength (𝑈𝐶𝑆), Young’s modulus (𝐸 ) and 

Poisson’s ratio (𝑣) of the synthetic rock were matched against the laboratory results. 

Correspondingly, the appropriate micro-mechanical properties of the particles and 

parallel bonds were determined (Yoon 2007; Bahaaddini et al. 2013), as summarised in 

Table 5.1.  

Table 5.1 Micro-mechanical properties of particles and bonds 

Particle micro-mechanical properties Parallel bond micro-mechanical properties 

Density (kg/m3) 2650 Young’s modulus (GPa) 3 

Young’s modulus (GPa) 3 Normal strength (MPa) 27 ± 6 

Coefficient of friction (MPa) 0.58 Shear strength (MPa) 27 ± 6 

Stiffness ratio (𝑘𝑛/𝑘𝑠) 1.5 Stiffness ratio (𝑘𝑛/𝑘𝑠) 1.5 

Table 5.2 shows the macro-mechanical properties of both synthetic and experimental 

rock samples, which indicate that the synthetic specimen was properly calibrated. 
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 Table 5.2 Physical and numerical rock properties 

 
 
 
 

 

5.2.3 Simulation procedures 

Based on the calibration results, a rock specimen with dimensions of 120 × 120 mm2, 

which consists of a total of 70,930 particles, was generated with the micro-properties 

listed in Table 5.1. In laboratory conditions, boreholes (8 mm, 11 mm and 15 mm radii) 

were drilled prior to the loading phase. To closely simulate the experiment, holes were 

also created in the centre of the sample before applying stresses. Figure 5.3 illustrates 

the specimen setup and loading directions.  

In the model, horizontal stresses were applied by moving the platens inwards, governed 

by a servo-control mechanism. The mechanism auto-corrects the applied stresses by 

adjusting the velocities of boundary walls so that the pre-set stresses can be reached and 

maintained throughout the test (Itasca 2018). Initially, both 𝜎𝐻 and 𝜎ℎ were increased 

simultaneously until 10 MPa. After that, 𝜎ℎ was kept at the same level while increasing 

𝜎𝐻 to the target value to allow the development of borehole breakout.  

Figure 5.4 shows a simulation result of borehole breakout with 11 mm borehole radius, 

where 𝜎𝐻 = 50 MPa and 𝜎ℎ = 10 MPa. The breakout tip is sub-parallel to the lateral 

direction, showing that the borehole breakout depth is in line with the minimum 

horizontal stress direction. This suggests that the breakout depth can be used as a 

reliable indicator of the horizontal stress orientation, which has been used extensively in 

field studies (Stock et al. 1985; Zoback et al. 2003; Fowler and Weir 2007; Lin et al. 

2010; Ask et al. 2015; Malinverno et al. 2016). The contact between particles can be 

broken by either shear or tensile failure, as shown by the red and black dashes in the 

vicinity of the borehole. The figure shows the majority of micro-cracks were formed in 

tensile failure whereas only a few were formed due to shear failure (Duan and Kwok 

2016; Lee et al. 2016). As the micro-cracks coalesce and intersect with each other, a 

‘dog-ear’ shaped breakout was created, which is consistent with experimental 

observations.  

 Experimental Numerical 

UCS (MPa) 42.3 43.0 

Young’s modulus (GPa) 7.5 7.54 

Poisson’s ratio 0.18 0.182 
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Figure 5.3 Illustration of the numerical simulation 

 

Figure 5.4 Borehole breakout simulated under 𝜎𝐻 = 50 MPa and 𝜎ℎ = 10 MPa with 11 

mm radius, where tensile failure is represented by a black dash and shear failure is 

represented by a red dash 
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5.3 SIMULATION RESULTS AND DISCUSSION  

5.3.1 Borehole breakout under various horizontal stress magnitudes  

A series of numerical simulations were carried out on synthetic Gosford sandstone to 

study the behaviour of borehole breakout. Figure 5.5a–f illustrate the breakout 

development of a 15 mm radius borehole under 𝜎𝐻 = 50 MPa and 𝜎ℎ = 10 MPa. As 

shown in Figure 5.5a–b, breakout initially formed as rock slabs which are sub-parallel 

to the maximum horizontal stress direction and subsequently spalled off towards the 

centre of the borehole, indicated by the movement of detached particles. By then, a 

fracture plane formed along the borehole breakout propagation direction from the 

maximum point of the fracture at the borehole wall to the breakout tip, see Figure 5.5c–

d. Eventually, fractures were localised at the tip of the breakout and induced minor 

breakout propagation due to the stress re-distribution and concentration from the failure 

zone, as shown in Figure 5.5e–f. The progress of breakout development followed the 

same pattern as discussed by Cuss et al. (2003) from their experimental observations on 

Tennessee sandstone. Numerical results imply that breakout is caused by the 

combination of shear and tensile failures.  

Based on the figure, it can be seen that there were only minor changes in the breakout 

angular span throughout the process. This indicates that the breakout angular span may 

form quickly at an early stage of the breakout and does not widen significantly with 

time. The observation here agrees with earlier studies in which breakout angular span 

can be assumed constant and considered as a reliable parameter for horizontal stress 

estimation (Mastin 1984; Zoback et al. 1985; Zheng et al. 1989; Herrick and Haimson 

1994; Cuss et al. 2003; Schoenball et al. 2014). Following the approach proposed by 

Barton et al. (1988), the breakout angular span has been widely used to constrain or 

compute the horizontal stress magnitudes provided that downhole logging data is 

available (Barton et al. 1988; Zoback and Healy 1992; Vernik and Zoback 1992; Brudy 

et al. 1997; Zoback et al. 2003; Yaghoubi and Zeinali 2009; Chang et al. 2010; Huffman 

and Saffer 2016; Nian et al. 2016; Kim et al. 2017; Molaghab et al. 2017; Song and 

Chang 2018).   
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Figure 5.5 Breakout development at various stages under 𝜎𝐻 = 50 MPa and 𝜎ℎ = 10 

MPa with 15 mm radius: a) timestep = 3.2 × 104; b) timestep = 3.6 × 104; c) timestep = 

4.4 × 104; d) timestep = 4.7 × 104; e) timestep = 5.0 × 104; f) timestep = 5.2 × 104 
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Unlike the breakout angular span, the breakout depth tended to propagate along the 𝜎ℎ 

direction and elongated at various stages of the simulation, see Figure 5.5a–f. The 

breakout tip gradually got narrower and finally formed a ‘V-shaped’ or ‘dog-ear’ shaped 

breakout. The progressive breakout development agrees with various researchers 

(Zoback et al. 1985; Barton et al. 1988; Bažant et al. 1993; Shen et al. 2002; Duan and 

Kwok 2016; Lee et al. 2016) and a similar phenomenon was reported in both laboratory 

and field cases (Mastin 1984; P lumb and Hickman 1985; Kessels 1989). Breakout depth 

may not be an effective parameter for stress estimation based on a simple elastic 

solution, such as the Kirsch solution, as it is practically impossible to measure the 

breakout depth when it was just formed. Zoback et al. (1985) and Barton et al. (1988) 

have also discussed this limitation in their studies. Hence, an unconventional 

methodology, e.g. machine learning or neural network, may utilize the breakout depth 

data and solve this problem. Lin et al. (2020) have collected extensive laboratory and 

field data from the literature and a mine site for this purpose. Figure 5.6 shows the 

angular span obtained from numerical simulation against the experimental data. As 

illustrated in the figure, the numerical angular span follows a similar trend as the 

laboratory investigation, i.e. the higher stress ratio (the higher maximum horizontal 

stress) would result in a wider breakout angular span given the constant minimum 

horizontal and vertical stresses. Results again confirm that there is a definite 
relationship between the maximum horizontal stress and angular span.  

It is noteworthy that the breakout angular spans produced with different borehole radii 

were different under the exact same stress conditions: the larger borehole radius yields a 

wider breakout. This is also in line with the experimental observation, which contradicts 

the Kirsch solution as the stress conditions at a given point along the borehole wall 

should be the same if the same boundary stresses are applied. As discussed earlier, the 

phenomenon is primarily due to the influence of the borehole size, in which smaller 

borehole size requires higher stress concentration to nucleate breakout (Carter et al. 

1991; Carter 1992; Bažant et al. 1993; Walton et al. 2015; Duan and Kwok 2016; 

Leriche 2017). Therefore, the simulation results show that the PFC2D can effectively 

take account of the borehole size effect, as discussed in the section below.  
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Figure 5.6 Simulation results on breakout angular span vs the experimental results 

5.3.2 Borehole size effect 

Borehole size is an important parameter that should be considered in laboratory study as 

it can significantly intensify the stress required for breakout initiation (Leriche 2017). A 

series of studies have attempted to investigate this mechanism (Haimson and Herrick 

1989; Van den Hoek et al. 1994; Papamichos and van Den Hoek 1995; Van den Hoek et 

al. 1996; Papanastasiou and Thiercelin 2010), with popular explanations including the 

stress averaging concept (Lajtai 1972; Nesetova and Lajtai 1973; Carter et al. 1991; 

Elkadi and Van Mier 2006), fracture mechanics (Sammis and Ashby 1986) and 

conservation of energy (Bažant et al. 1993). As observed previously, the horizontal 

stress ratios used in laboratory conditions were generally greater than the field 

conditions unless the ratio is under high differential stress. For instance, Haimson and 

Herrick (1986) applied a horizontal stress ratio over 10 in some of their experimental 

work. This is highly unlikely to be seen in the field.  

5.3.2.1 Simulation procedures and breakout initiation stress 

A numerical study on borehole size effect was also carried out in PFC2D where the pre-

drilled specimen was loaded under a hydrostatic compressive condition. In total, six 



148 
 

different borehole radii, ranging from 2 mm to 12 mm, were investigated. As suggested 

by Lotidis et al. (2017), the on-set breakout initiation in PFC2D can be defined when 

there is a non-linear deflection in the stress–strain curve combined with a sudden 

increase in cumulative micro-crack numbers. In laboratory conditions, this is generally 

defined by strain gauges and acoustic emission (Carter et al. 1991; Carter 1992; Dzik 

and Lajtai 1996; Dresen et al. 2010; Meier et al. 2013; Choens et al. 2018). The same 

approach was also adopted in the numerical simulation via PFC2D by Duan and Kwok 
(2016).  

According to the Kirsch solution (Jaeger et al. 2009), the stress around a borehole can 

be expressed as follows: 

𝝈𝒓 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 −

𝑹𝟐

𝒓𝟐
) +

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 − 𝟒

𝑹𝟐

𝒓𝟐 + 𝟑
𝑹𝟒

𝒓𝟒
) 𝒄𝒐𝒔𝟐𝜽

+ ∆𝑷
𝑹𝟐

𝒓𝟐  

         
(5.1) 

𝝈𝜽 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) −

𝟏

𝟐
(𝝈𝑯 − 𝝈𝒉) (𝟏 + 𝟑

𝑹𝟒

𝒓𝟒
)𝒄𝒐𝒔𝟐𝜽 − ∆𝑷

𝑹𝟐

𝒓𝟐  
         

(5.2) 

where 𝜎𝜃 = tangential stress, 𝜎𝑟  = radial stress, 𝑅 = borehole size, 𝑟 = distance from the 

centre of the borehole to the point of interest, ∆𝑃 = difference between mud pressure 

and pore pressure. A series of researchers have argued that the breakout would initiate 

at the maximum tangential stress concentration location (Haimson and Herrick 1986; 

Haimson and Herrick 1989; Carter 1992; Lin et al. 2019), where the tangential stress 

can be estimated as: 

𝝈𝜽 = 𝟑𝝈𝑯 − 𝝈𝒉 
         

(5.3) 

Under hydrostatic conditions, the tangential stress around the borehole can be simplified 

as:  

𝝈𝜽 =
𝟏

𝟐
(𝝈𝑯 + 𝝈𝒉) (𝟏 +

𝑹𝟐

𝒓𝟐
) = 𝟐𝝈𝑷 

         
(5.4) 

where 𝜎𝑃 = hydrostatic pressure applied in the model. For an isotropic material, the 

breakout would initiate around the borehole at the same time. Figure 5.7a illustrates the 
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simulation of 6 mm borehole radius and the breakout initiation stress (58.7 MPa) is 

labelled. A non-linear deflection can be observed at the stress, indicating the on-set 

breakout initiation (Dresen et al. 2010; Meier et al. 2013; Duan and Kwok 2016; Lotidis 

et al. 2017). At the same time, crack numbers around the borehole increased 

substantially, as seen in Figure 5.7b. This is in good agreement with the simulation from 

Duan and Kwok (2016). Figure 5.7c–d show the model states prior and after the 

breakout initiation, respectively. It can be found that extensive cracks generated after 

the initiation stress, which was dominated by tensile cracks. This was in good 

agreement with Figure 5.7a–b, confirming that the stress–strain curve deflection can be 

used as the indication of breakout initiation. It is worth noting that the cracks are not 

uniformly distributed around the borehole, mainly due to the heterogeneity of the DEM 

model.  

Although Duan and Kwok (2016) also investigated borehole size effect using PFC, the 

maximum borehole diameter used was 16 mm, which was almost one third of their 

specimen length of 50 mm. Boundary effect can have a significant effect under this ratio 

and considerably influence the breakout initiation stress. Therefore, the conclusions 

from Duan and Kwok (2016) might be tentative, especially for boreholes with diameters 

over 10 mm. This might explain the lower breakout initiation stresses observed by Duan 

and Kwok (2016) compared to experimental studies. On the other hand, the numerical 

simulation on borehole size effect in this study covered a wider range of borehole 

diameters up to 24 mm while keeping the ratio between borehole diameter and 

specimen length under 0.2. In this case, the boundary effect on simulation results can be 

eliminated.  

5.3.2.2 Implications on stress averaging model  

As proposed by Lajtai (1972) and Carter (1992), the intensification of breakout 

initiation stress is due to the stress averaging concept, in which the stress under the high 

gradient is redistributed towards the lower area over a distance. This critical distance (𝑑) 

is considered as a material constant and is determined based on the curve fitting data. As 

suggested by Carter et al. (1992), the critical distance varies from 2 mm to 3.5 mm for 

ductile to brittle material. Although the stress averaging phenomenon can be identified 

through strain distributions obtained from strain gauges at the surface of the borehole 

(Carter 1992), it does not explicitly show the stress transfer along the distance. The 
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measurement circle function embedded in PFC measures the stress change within the 

pre-defined circle during the simulation process. Hence, three 1 mm diameter 

measurement circles were assigned parallel and perpendicular to the minimum 

horizontal stress direction to cover the possible averaging distance and monitor the 

stress averaging phenomenon numerically, as illustrated in Figure 5.8.   

 

Figure 5.7 Borehole size test at 6 mm borehole radius: a) axial stress vs axial strain 

curve, where the red circled point is the breakout initiation stress of 58.7 MPa; b) crack 

numbers vs axial strain curve; c) borehole prior to breakout initiation; d) borehole after 

breakout initiation 

58.7 MPa 

Breakout initiation  

a b 

c d 

(c) 
(d) 
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Figure 5.8 Stress measurement circles positions around 6 mm radius borehole 

Figure 5.9a shows the tangential stress in measurement circles 1–3. Based on the figure, 

it can be seen that the tangential stress in circle 1 was approximately double that of the 

applied hydrostatic stress (𝜎𝑃) prior to point A, which agrees with Eq. (5.4). Clear stress 

re-distribution between circles can be observed after this point and eventually led to 

substantial stress reduction in circle 1 at point B; this point also happens to be the 

breakout initiation stress point in Figure 5.7a, which further confirms this methodology 

of analysing borehole size effect through PFC. On the other hand, stress averaging 

seems to be taking place between the two points as the tangential stress within circles 

tend to approach similar values. It is also worth noting that the deflections in stress–

strain curves correspond to the formation of micro-cracks since the deflection points in 

Figure 5.9a are well matched with increasing crack numbers in Figure 5.7b, such that 

the measurement circle might also be used as a complementary indication tool for 

breakout initiation detection in PFC. The implication here is that the stress averaging is 

perhaps due to the energy release through micro-cracking, which was also discussed by 

some studies (Labuz et al. 1985; Ortiz 1988). 

Circle 1 

Circle 2 

Circle 3 

Circle 5 Circle 6 

Circle 4 
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Figure 5.9 a)-d) Tangential and radial stresses within the measurement circles 

Figure 5.9b illustrates the radial stress in measurement circles 1–3. The magnitude of 

radial stress in circle 1 was relatively small compared to other stresses, which is 

consistent with Eq. (5.1). Some degree of stress transfer between circles can also be 

found after the same point A in Figure 5.9a, although the radial stress magnitude in 

circle 3 was marginally greater than that of circle 1 and circle 2. Based on the results in 

Figure 5.9a and Figure 5.9b, it implies that the stress averaging distance of the material 

might be within the distance of 2–3 mm, which is in good agreement with the 

experimental observations from Carter et al. (1992). Similar to the tangential stress, 

there is also a significant drop in radial stress at point B, which again indicates the on-

set breakout initiation. The magnitude of radial stress can be as high as 10 to 20 MPa 

prior to the on-set breakout initiation, as shown in Figure 5.9b. Hence, it is important to 

consider the influence of radial stress when estimating breakout initiation stress from 

the stress averaging concept. In addition, the numerical model may be further improved 

a b 

A B A B 

c d 
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to simulate the phenomenon in more detail since it only considers the failure of bonding 

material instead of particle breakage. A grain-based model incorporating both intra- and 

extra-granular failure should be implemented in future studies to take account of micro-

cracks within the grain.   

Figure 5.9c–d show the tangential and radial stresses in measurement circles 4–6. An 

overall agreement can be observed between stresses in circles 1–3 and circle 4–6, in 

which stress redistribution started at about point A with lower change in magnitudes. 

There was no significant stress reduction at point B and breakout initiation occurred at 

the left and right sides of the borehole first, see Figure 5.7d. This is because the DEM 

model is heterogeneous and stress is not evenly distributed around the borehole.  

5.3.2.3 Implications for pressure-dependent linear elastic model 

Santarelli et al. (1986) suggested that Young’s modulus of rock is not constant but 

rather depends on the confinement. In this case, the Young’s modulus is higher in the 

rock due to higher radial stress. This leads to relocation of the maximum tangential 

stress from the borehole wall to the rock, namely, a pressure-dependent linear elastic 

model. Hence, Santarelli and Brown (1989) suggested that breakout initiation should 

occur at some distance from the borehole wall instead of the surface of the borehole. 

Figure 5.9a shows that the tangential stress in circle 2 surpassed that in circle 1 during 

the loading stage prior to any cracking and the substantial stress reduction happened in 

both circles 1 and 2 at the same time. This might indicate the maximum tangential stress 

relocation around the borehole and breakout initiation at some distance from the 

borehole. However, this was not observed in measurement circles 4–6. Thereby, it is 

noticed that the majority of micro-cracking started around the borehole at the borehole 

wall rather than some distance into the rock, see Figure 5.9c–d. This is not in line with 

the proposed breakout initiation location from the pressure-dependent linear elastic 

model.  

Although there might be tangential stress relocation due to change in Young’s modulus, 

it is practically difficult to have fracture initiation into the rock due to the stress state. 

As presented by Santarelli et al. (1986), for 100 MPa hydrostatic pressure, the 

maximum tangential stress would be approximately 125 MPa at the distance that is 1.5 

times the radius away from the centre of the borehole based on the model, whereas the 

tangential stress at the borehole wall is 100 MPa. However, the radial stresses at the two 
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locations are considerably different under 100 MPa pressure. At the borehole wall, the 

radial stress can be neglected, whereas at the maximum tangential stress location, the 

magnitude of radial stress can be over 50 MPa based on the K irsch solution. This means 

the breakout initiation would occur at the borehole wall due to its low confinement even 

considering the pressure-dependent linear elastic model. On the other hand, the breakout 

initiation might happen at a location into the rock if the distance is very small from the 

borehole wall, so that the magnitude of radial stress is minimal and can be neglected. 
This distance is rather difficult to determine and requires further investigation. 

5.3.2.4 Comparison with experimental results  

Figure 5.10 displays the simulation results against the previous experimental studies 

from normal compression and hollow cylinder tests, where the critical tangential 

stresses were estimated from Eq. (5.3) and Eq. (5.4). The figure shows that the 

simulation results are well aligned with literature data, which shows a decreasing trend 

with larger borehole radius. The decreasing trend tends to be steadier once the borehole 

radius is greater than 6 mm, whereas a sharper drop can be seen at smaller radii. As 

observed in the trend, it might be possible to derive an empirical relationship to estimate 

the breakout initiation stress based on two sets of data (normal compression and hollow 

cylinder tests). 

In addition, it seems that the ratios obtained from normal compression tests are slightly 

lower than those from the hollow cylinder tests given the same borehole radius. This 

may be due to the size of the rock sample. In hollow cylinder tests, the specimen size is 

usually fixed with various borehole sizes. On the other hand, different specimen sizes 

were used in the normal compression tests, i.e. the larger the borehole radius, the larger 

the sample size. As discussed in many studies, different sample sizes already include the 

rock strength reduction due to the scale effect, in which smaller samples have higher 

strength than larger samples (Hunt 1973; Bažant 1984; Bažant and Xi 1991). 

Correspondingly, this may influence the borehole size effect investigation and increase 

the critical breakout initiation stress for smaller specimens. To verify the influence of 

the sample size and isolate the borehole size parameter, a systematic laboratory study 

was carried out in Section 3.2.      
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Figure 5.10 The ratio between critical tangential stress at breakout initiation vs UCS 

from both literature and numerical simulation, where the black filled markers are 

normal compression test data 

5.3.3 Thermal effects on borehole size and borehole breakout 

As exploitation activities including mining and geothermal wells are inevitably going 

deeper, the surrounding rock temperature also increases accordingly (Al Sayed et al. 

2016; Gürtunca 2018). As discussed by a series of researchers (Heuze 1983; Keshavarz 

et al. 2010; Yavuz et al. 2010; Zhang et al. 2016), the temperature has an impact on the 

rock mechanical behaviour. It is suspected that the borehole breakout initiation stress 

and breakout angular span may also be affected by high temperature and affect the 

horizontal stress estimation. However, it is difficult to perform triaxial tests under high 

temperature in a laboratory environment. Previous thermal related studies on rock 

specimens have been carried out via PFC2D. Therefore, PFC2D was also used to 

investigate the breakout angular span under various temperatures.   

5.3.3.1 Thermal contact model 

In PFC2D, the thermal analysis does not require any calibration of micro-parameters 

and these parameters can be directly assigned to the synthetic specimen. The thermal 
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material consists of a network of ‘heat reservoirs (particles)’ that are connected by 

‘thermal pipes (contacts)’. The thermal pipes enable the heat transfer between reservoirs 

through heat conduction and are governed by the thermal pipe contact model. In the 

model, each pipe can be represented by a one-dimensional entity with associated power 

(𝑄) to reflect the heat flux (Wanne and Young 2008; Itasca 2018). 𝑄 can be calculated 

and updated by: 

𝑸 =
∆𝑻

𝜼𝑳
 

         
(5.5) 

where ∆𝑇 = temperature difference between the two reservoirs connected by a pipe; 𝐿 = 

length of the pipe;  𝜂  = thermal resistance per unit length, which is used to describe the 

macro-isotropic thermal conductivity (𝑘) of a material. The relationship between the 

two parameters can be expressed as: 

𝜼 =
𝟏

𝟐𝒌
(

𝟏 − 𝒏

∑ 𝑽𝒃𝑵𝒃

)∑ 𝒍𝒑

𝑵𝒑

 
         

(5.6) 

where 𝑛  = porosity in the volume of interest; 𝑁𝑏  = number of particles within the 

region; 𝑁𝑝 = number of thermal pipes within the region; 𝑉𝑏  = volume of a particle; 𝑙𝑝 = 

length of a thermal pipe. The heat-conduction equation for each reservoir is defined as: 

− ∑ 𝑸𝒑 + 𝑸𝒗

𝑵

𝒑=𝟏

= 𝒎𝑪𝒗

𝝏𝑻 

𝝏𝒕
 

         
(5.7) 

where 𝑄𝑣 = the heat-source power; 𝑄𝑝= power of each thermal pipe that is flowing out 

of the reservoir; 𝑚 = thermal mass; 𝐶𝑣 = the specific heat. In PFC2D, the thermally 

induced change of particle size and bonding forces are considered to represent the 

thermal strain. The temperature variation results in the particle radius expansion, which 

can be calculated by:  

∆𝑹 = 𝜶𝑹∆𝑻          
(5.8) 

where ∆𝑅 = change in particle radius due to temperature change, 𝛼 = thermal expansion 

coefficient of particles. The thermal expansion of the bonding material can be denoted 

as the change in the normal force (𝐹𝑛̅) of the bond: 
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∆𝑭𝒏
̅̅̅̅ = −𝒌𝒏𝑨(𝜶̅𝑳̅∆𝑻) 

         
(5.9) 

where 𝑘𝑛 = normal stiffness of the bond; 𝐴 = cross-section area of the bond; 𝛼 = the 

average thermal expansion coefficients of the two particles on each end of the bond; 𝐿̅ = 

the bond length. 

5.3.3.2 Simulation procedures  

To accurately simulate the breakout generated under the thermal effect, the appropriate 

thermal properties of Gosford sandstone were selected. The specific heat was assigned 

to be 790 J/kg˚C and the thermal expansion coefficient was 1.3×10-5K-1 (Kirk and 

Williamson 2012). Based on Abdulagatova et al. (2009), the thermal conductivity of the 

specimen was chosen as 3.75 Wm-1K-1. Once the rock was created, it was gradually 

heated inwards to reach the pre-set temperature, see Figure 5.11. The standard 

procedures discussed in Section 5.2.3 and Section 5.3.2 were then followed to apply 

horizontal stresses to the sample to maintain consistency between simulations and 

directly compare the results produced with and without the thermal effect. To 

investigate the corresponding thermal effect that could possibly be encountered at deep 

locations, four scenarios were considered with temperatures ranging from 100 ˚C to 400 

˚C. 

 

Figure 5.11 Sample heating at 400 ˚C temperature, with different colour layers 

representing the temperature (the red colour layer is at 400 ˚C) 

400 °C 

375 °C 

350 °C 

300 °C 

275 °C 

250 °C 

225 °C 

200 °C 

175 °C 
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5.3.3.3 Thermal influence on borehole size effect 

A total number of 20 simulations were conducted from 4 mm to 12 mm borehole sizes 

to investigate the influence of temperature on breakout initiation stress. Figure 5.12 

shows the results obtained from the numerical simulation. Overall, a decreasing trend of 

breakout initiation stresses with increasing temperatures can be observed. The rates of 

reduction are higher for 4 mm and 6 mm borehole sizes compared to the larger borehole 

sizes, suggesting the temperature has some degree of influence on breakout initiation 

stress, especially for smaller borehole size. On the other hand, the changes in the stress 

in larger borehole sizes (8–12 mm) are minimal and may be neglected since the 

reduction can be as small as 5%. The axial stress required for 8 mm was higher than 6 

mm under 300 ˚C and 400 ˚C. As discussed earlier, the synthetic rock generated in the 

DEM model is not isotropic. Due to the randomness of particle size distribution, there 

are locations around the borehole that contained larger particles, so that micro-cracking 

will occur in these locations first, as shown in Figure 5.7c–d. Under the temperature 

effect, particles expanded and created additional contact force to bonds. This can induce 

stress localisation at places where particles are larger, so that the breakout initiation can 

occur at lower stress for 6 mm borehole radius under higher temperature. 

Figure 5.13a–e displays the proportion of tensile to shear cracks under different 

temperatures. A general decreasing trend of the ratio can be seen from the figure, 

implying that as temperature increases, the micro-cracking mode gradually transfers 

from tensile cracking to shear cracking; except for under 10 mm borehole size, where 

the ratio fluctuated with temperature. Similar to the breakout initiation stress, the 

decrease in ratio is more significant for 4 mm and 6 mm borehole size than for larger 

borehole sizes. The implication here is there might be a correlation with the two 

parameters, although further investigation is required. Figure 5.13f shows the crack 

ratio with different borehole size neglecting the influence of temperature. It is noted that 

the crack ratio for 4 mm borehole size is substantially lower than the others, whereas the 

ratios for other borehole sizes are quite consistent with minor differences. This is also 

true for the ratios under other temperatures, as shown in Figure 5.13a–e. It is suspected 

that this low crack ratio might contribute to the breakout imitation stress since the stress 

required to initiate breakout for 4 mm borehole size is marginally higher than that of 

other sizes, as shown in Figure 5.12. However, further study is also required to confirm 
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this hypothesis. Overall, it can be seen that the temperature has an influence on the 

micro-cracking mode, which may subsequently affect the breakout initiation stress.  

 

Figure 5.12 Axial stresses for on-set breakout initiation under various temperatures  

The above section analysed the initiation stress, whereas this section focuses on the 

influence on breakout angular span as it is the most critical parameter for horizontal 

stress constraint and estimation. Numerical simulations were conducted under different 

temperatures and results are in Figure 5.14. Under lower 𝜎𝐻 (40 MPa), the breakout 

angular span remains relatively constant regardless of the temperature change, whereas 

the breakout angular span increased considerably at 300 ˚C and 400 ˚C for higher 𝜎𝐻 

(50 MPa). The change between 300 ˚C and 400 ˚C is minimal. This implies that the 

thermal effect may influence the breakout angular span under a higher horizontal stress 

condition when the temperature is over 300 ˚C.  
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Figure 5.13 a)–e) tensile/shear cracks ratio at 4 -12 mm radius at various temperatures; 

f) tensile/shear cracks ratio by different borehole sizes without temperature 

a b 

c d 

e f 
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Figure 5.14 Simulation results under various conditions 

Figure 5.15 shows the simulation results with 11 mm borehole size under 50 MPa of 𝜎𝐻, 

where the base case (no temperature) is displayed in Figure 5.4. The breakout 

orientations under 100 ˚C and 200 ˚C (see Figure 5.15a–b) are consistent with the 

simulation without the temperature. However, the breakout orientation changed under 

the higher temperature, see Figure 5.15c–d. A similar orientation change was also 

observed with 8 mm borehole size under 50 MPa of 𝜎𝐻. This is perhaps due to the 

thermal related micro-cracks generated during the breakout formation, as particles 

expand during the heating process which may lead to increased contact force in local 

areas. For instance, micro-cracks started to appear and become dense around the top 

right side of the borehole as temperature increases, which was not observed under 0 ˚C 

and 100 ˚C. Hence, the local micro-cracking due to the temperature effect subsequently 

altered the breakout orientations as well as angular span under higher temperature. The 

implication here is that the temperature might be considered for the determination of 

horizontal stress orientation and magnitudes for borehole breakout collected from 

geothermal wells. 
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The simulation shows that there might be some degree of influence on breakout angular 

span and orientation under the high temperature (300 ˚C) and high horizontal stress 

condition (50 MPa), although this requires further investigation and consideration, 

especially for deep geothermal wells where the temperature can be as high as 500 ˚C 

(Ikeuchi et al. 1998). On the other hand, the underground temperatures in coal mining 

areas are relatively low. For instance, He (2009) reported that the average temperature 

in 33 coal mines with depth of cover over 1000 m is between 30 ˚C to 40 ˚C, whereas 

Xiaojie et al. (2011) summarised the information in numerous studies in China, as 

shown in Table 5.3. Therefore, thermal effect on breakout angular span may not need to 

be considered under these scenarios.  

 

Figure 5.15 Breakout generated under different temperatures at 11 mm borehole radius: 

a) 100 ˚C; b) 200 ˚C; c) 300 ˚C; d) 400 ˚C  

a 

c 

b 

d 
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Table 5.3 Mine site temperature collected from literature by Xiaojie et al. (2011) 

Mine Site  

Name 

Depth of Cover  

(m) 

Underground 

Temperature (˚C) 

Sanhejian 1300 56 

Jiahe 800 32–34 

Zhangshuanglou 1000 34–36 

Zhangxiaolou 1125 30 

Jisan 785 31–51 

Wobei 640 35–37 

Yongchuan 800 29.3–31.5 

5.4 CONCLUSIONS 
Breakout geometrical variation under different stress conditions was studied 

numerically. Laboratory results revealed that breakout geometries are closely related to 

horizontal stress magnitudes as well as the borehole size. Both higher maximum 

horizontal stress and larger borehole radius can result in deeper and wider breakout 

given the same other parameters. The implication is that there is a relationship between 

breakout geometries and horizontal stress magnitudes.  

The DEM model result shows similar breakout behaviour as discussed above. Based on 

the numerical simulations, it is clear that the breakout angular span forms at a very early 

stage of the breakout and does not widen significantly, which is then followed by 

subsequent fracture propagation along the minimum horizontal stress direction. The 

results agree with the argument noted in various studies and indicate that breakout 

angular span can be used as a reliable indicator of horizontal stress estimation. Due to 

the complexity of breakout depth deve lopment and its relationship with horizontal stress 

magnitudes, it is difficult to derive a simple analytical method for stress estimation and 

compare it against the experimental measurements. Therefore, it may be useful to 

consider an unconventional approach either through time-dependent numerical 

simulations or advanced computer techniques, including machine learning or neural 
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networks. For instance, given the vast breakout data available, a massive database could 

be used to train a model to correlate breakout depth and horizontal stress magnitudes.  

In addition, the relationship between breakout initiation stress and borehole size was 

also investigated in this study. Simulation results are well in line with the previous 

experimental observations in which smaller borehole size can considerably amplify the 

breakout initiation stress. The stress analysis around the borehole also shows some 

degree of stress averaging from micro-cracking and the importance of radial stress. 

Therefore, borehole size is a critica l parameter in laboratory borehole breakout studies 

and the stress averaging approach should not ignore the influence of radial stress.  

It is worth noting that micro-cracking occurred at the borehole wall rather than some 

distance into the rock and borehole breakout initiation is likely to occur at the borehole 

wall even considering the pressure-dependent linear elastic model. However, further 

investigation is required to confirm this observation.  

Based on the analysis of literature data, it was found that the ratios of breakout initiation 

and 𝑈𝐶𝑆 in normal compression tests were slightly lower than ratios in hollow cylinder 

tests. It might be resulted from the rock strength variation due to the scale effect as the 

normal compression tests used various specimen sizes. However, due to the limited data 

observations, this conclusion is tentative. A systematic laboratory approach was 

undertaken to study the influence of specimen size on the breakout initiation stress, as 

discussed in Section 3.2.  

This study investigated the thermal effect on borehole size and borehole breakout. 

Results showed that the breakout initiation stress reduces with increasing temperature, 

although it may be neglected for borehole size over 6 mm. A higher proportion of shear 

cracks was induced as temperature increases, which may also contribute to the decrease 

in breakout initiation stress. For the thermal effect on borehole breakout, under the 

lower maximum horizontal stress, the temperature only has a minor influence on 

breakout. Conversely, the higher horizontal stress resulted in a significantly wider 

breakout angular span when the temperature is over 300 ˚C. The corresponding 

breakout orientation also varies under these scenarios. This implies that the thermal 

effect may need to be taken into account under high temperature and high horizontal 

stress conditions when using breakout angular span for horizontal stress constraint or 

estimation, especially in geothermal wells. However, the temperature in most 
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underground coal mines is relatively low, suggesting the thermal effect may be 

neglected in this case.  
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6 EXPERIMENTAL STUDY AND COMBINED 
HORIZONTAL STRESS MAGNITUDE 
ESTIMATION FROM ARTIFICIAL NEURAL 
NETWORK AND CONSTITUTIVE MODELLING 

The literature review in Chapter 2 revealed that the majority of the experimental studies 

focused on the influence of maximum horizontal stress on breakout geometries, whereas 

the minimum horizontal and vertical stresses were rarely investigated (Haimson and 

Herrick 1986; Herrick and Haimson 1994; Haimson and Lee 2004; Lee et al. 2016). 

However, in field conditions, in-situ stress is always three-dimensional and the 

intermediate stress has significant influence on rock failure (Murrell 1963; Stacey and 

De Jongh 1977). To study the effect of two principal stresses, a series of laboratory 
breakout tests are conducted and the results are presented in Section 6.1 and Section 6.2.   

In Chapter 4, an approach to maximum horizontal stress magnitude estimation from 

borehole breakout was developed based on the Kriging technique. This method showed 

remarkable accuracy on both laboratory and field data. Section 6.3 attempted to use the 

stress polygon (derived from a constitutive relationship) technique to predict minimum 

horizontal stress given the maximum horizontal stress can be derived from Kriging. 

Nine failure criteria were examined against 79 experimental data on the reliability of 

minimum horizontal estimation, in which eight failure criteria considered the effect of 

the intermediate stress. However, due to the sensitivity of minimum horizontal stress (as 

detailed in Section 6.3), none of the constitutive models yielded reliable results. 

To overcome this limitation, an Artificial Neural Network (ANN) model is introduced 

in Section 6.4 to estimate the minimum horizontal stress from borehole breakout. ANN 

is a powerful computer algorithm to mimic the human nervous system, which 

recognises complex patterns and provides estimations (Chen et al. 2019). This technique 

has been implemented in the rock mechanics field in many cases (Yilmaz and Yuksek 

2008; Qi et al. 2018; Moon et al. 2019). The ANN model is constructed based on 

training, validation and testing on 79 laboratory data, and independently validated 

against 23 field data as discussed in Section 6.5.1. Section 6.5.2 provides a comparative 

analysis of the prediction of maximum horizontal stress through various approaches 
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including ANN, stress polygon and Kriging. In addition, a sensitivity analysis of input 

parameters is conducted for the ANN model in Section 6.5.3. 

Based on the findings of Chapter 6, a new technique for horizontal stress estimation 

from borehole breakout is developed, which can, in turn, enhance the understanding of 

local stress environments from existing downhole logging data.   

6.1 EXPERIMENTAL SETUP 
In this study, Hydrostone-TB was used as the casting rock specimen with a mixing 

material-to-water ratio of 0.375. All samples were prepared as cubes with dimensions of 

120 × 120 × 120 mm3 and cured at room temperature for 14 days. Based on laboratory 

rock property testing, the mechanical properties of Hydrostone-TB are summarised in 

Table 6.1. Holes of 22 mm diameter were drilled at the centre of the specimens before 

the start of the experiment. In past experimental studies, researchers focused mainly on 

the relationships between 𝜎𝐻 and breakout geometries by altering the magnitude of 𝜎𝐻 

(Haimson and Herrick 1986; Haimson and Herrick 1989; Haimson and Song 1993; 

Herrick and Haimson 1994; Haimson and Lee 2004; Lee and Haimson 2006; Lee et al. 

2016), such that influences of the other two principal stresses on breakout geometries 

were not investigated in detail. As the two other principal stresses may also have an 

effect on breakout geometries , two series of experiments were carried out in this study. 

The first series of experiments varied the magnitude of σh at an increment of 5 MPa in 

each individual test while keeping 𝜎𝐻 and 𝜎𝑣 the same. Similarly, the second series of 

experiments changed the magnitude of 𝜎𝑣 and kept 𝜎𝐻 and 𝜎ℎ constant. 

Table 6.1 Mechanical properties of Hydrostone-TB 

Uniaxial 

compressive  

strength (𝑈𝐶𝑆) 

Tensile 

strength 

(𝑈𝑇𝑆) 

Cohesion 

(MPa) 

Friction 

angle (˚) 

Poisson’s 

ratio (𝑣) 

18.2 2.07 6.7 28 0.19 

 

The laboratory investigation was carried out using a specially designed true triaxial 

confinement cell, as shown in Figure 6.1a. Vertical and minimum horizontal stresses 

can be first applied by tensioning bolts on the side plates, and stress levels were 
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monitored by the attached load cells. Then, the maximum horizontal stress was applied 

in the MTS machine. When the required stresses were achieved, they were maintained 

on the specimen for another 30 minutes to enable the complete development of borehole 

breakout to occur (Haimson et al. 1991; Haimson and Kovacich 2003). On completion 

of the test, specimens were cut along the borehole axis to allow optical scanning to 

obtain accurate breakout geometrical profiles, see Figure 6.1b. Details of the 

experimental procedures are summarised in Lin et al. (2019). 

 
Figure 6.1 a) True triaxial test confinement cell (Lin et al. 2019); b) optimal scanning 

breakout profile on Hydrostone-TB 

6.2 EXPERIMENTAL RESULTS AND DISCUSSION 
Figure 6.2 shows the relationships between breakout geometries and 𝜎ℎ under the same 

𝜎𝐻 and 𝜎𝑣 conditions. From Figure 6.2a, it is clear that the higher 𝜎ℎ led to shallower 

normalised breakout depth ( 𝐿/𝑅 ). This suggests that 𝐿/𝑅  may have an inverse 

relationship with 𝜎ℎ. It is noted that rates of change in 𝐿/𝑅  with respect to 𝜎ℎ  were 

relatively constant and similar in the two series of tests, although the magnitudes of 

stresses applied were different. Similarly, breakout angular span also decreases with 

increasing 𝜎ℎ at a relatively constant rate, as illustrated in Figure 6.2. Results show that 

breakout geometries are substantially affected by the magnitude of 𝜎ℎ, indicating that it 

is possible to derive 𝜎ℎ from borehole breakout data.  

a b 
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Figure 6.2 a) Minimum horizontal stress vs normalised breakout depth; b) minimum 

horizontal stress vs breakout angular span 

Boreholes in a rock mass are a truly three-dimensional medium in which the axial stress 

can have significant magnitude. Hence, it is also important to consider the impact of 𝜎𝑣. 

a 

b 
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Figure 6.3a–b show the breakout geometries under different 𝜎𝑣 magnitudes. From the 

figure, it can be observed that both geometries decrease with increasing 𝜎𝑣, suggesting 

an inverse correlation between 𝜎𝑣  and breakout geometries. Compared to 𝜎ℎ , the 

influence of 𝜎𝑣 is less significant as the gradients of both angular span and normalised 

breakout depth are flatter than those under various 𝜎ℎvalues. Results here suggest that 

when analysing borehole breakout data, it is important to incorporate the influence of 𝜎𝑣 

and 𝜎ℎ  since both parameters can have considerable effect on breakout geometries. 

Therefore, the implication here is that when estimating the magnitude of either 𝜎𝐻 or 

𝜎ℎ, the plane stress condition may not be appropriate as it is critical to take account of 

𝜎𝑣.  

6.3 HORIZONTAL STRESS ESTIMATION USING FAILURE CRITERIA  
As discussed in numerous studies, breakout angular span forms at the initial stage of 

breakout and remains relatively constant as breakout propagates along the 𝜎ℎ direction 

(Mastin 1984; Plumb and Hickman 1985; Stock et al. 1985; Barton et al. 1988; Kessels 

1989; Duan and Kwok 2016; Lee et al. 2016). This indicates that breakout angular span 

can be used as a reliable parameter for horizontal stress estimation rather than breakout 

depth due to its sophisticated formation mechanism (Barton et al. 1988; Chang et al. 

2010; Lin et al. 2019). Attempts have been made since the 1980s to either constrain the 

magnitudes of the two horizontal stresses or to calculate 𝜎𝐻 from breakout angular span 

based on different failure criteria (Barton et al. 1988; Vernik and Zoback 1992; Zoback 

et al. 2003; Chang et al. 2010; Lee and Ong 2018; Song and Chang 2018), as one 

breakout parameter (𝜃𝑏) cannot estimate two horizontal stress magnitudes (Lee et al. 

2016). To overcome this problem, Lin et al. (2020) proposed a machine learning 

technique which could estimate the magnitude of 𝜎𝐻 based on borehole breakout depth 

and angular span. The methodology has been verified against both experimental and 

field data and presented promising results. Hence, it may be possible to derive the 𝜎ℎ 

magnitude from breakout angular span and estimated 𝜎𝐻.  
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Figure 6.3 a) Vertical stress vs normalised breakout depth; b) vertical stress vs breakout 

angular span 

a 

b 
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6.3.1 Kirsch solution 

Barton et al. (1988) initially proposed that at the breakout angular, the tangential stress 

(𝜎𝜃) should be equal to the 𝑈𝐶𝑆 value of rock. Hence, breakout angular span can be 

used to calculate one horizontal principal stress if the other is given. Since the vertical 

stress has considerable influence on the breakout geometries, the intermediate stress 

should also be taken into account during the analysis. In this section, different failure 

criteria are compared to determine the most appropriate criterion for estimating 𝜎ℎ 

based on the experimental data. Based on the famous Kirsch solution (Jaeger et al. 

2009), the stress condition around the borehole wall (where 𝐿/𝑅  = 1) can be expressed 

as:  

𝝈𝜽 = (𝝈𝑯 + 𝝈𝒉) − 𝟐(𝝈𝑯 − 𝝈𝒉)𝒄𝒐𝒔𝟐𝜽 
         

(6.1) 

𝝈𝒓 = 𝟎 
         

(6.2) 

𝝈𝒛 = 𝝈𝒗 − 𝟐𝒗(𝝈𝑯 − 𝝈𝒉)𝒄𝒐𝒔𝟐𝜽 
         

(6.3) 

𝝉𝒓𝜽 = 𝟎 
         

(6.4) 

where 2𝜃  = 180 – breakout angular span ( 𝜃𝑏 ), 𝑣  = Poisson’s ratio, 𝜎𝜃  = tangential 

stress, 𝜎𝑟 = radial stress, 𝜎𝑧 = vertical stress and 𝜏𝑟𝜃 = shear stress. Considering the rock 

that is subjected to a triaxial stress condition around the borehole wall, 𝜎𝜃, 𝜎𝑧 and 𝜎𝑟 

can be denoted as major ( 𝜎1 ), intermediate (𝜎2 ) and minor ( 𝜎3 ) principal stresses, 

respectively.  

6.3.2 Rock failure criteria 

6.3.2.1 Failure criteria without considering intermediate stress  

In general, failure criteria can be classified into two groups, depending on the 

consideration of the intermediate stress (principal stress acting parallel to the borehole 

axis) effect. The typical failure criteria without considering intermediate stress include 

Mohr–Coulomb, Hoek–Brown, Griffith and Tresca. Zoback et al. (1985) attempted to 

estimate both horizontal stress magnitudes based on breakout geometries and the Mohr–

Coulomb failure criterion. Due to the subsequent elongation of breakout depth from 

inelastic deformation and creep behaviour (Mastin 1984; Barton et al. 1988; Zheng et al. 
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1989; Schoenball et al. 2014), it is difficult to use this criterion as a reliable parameter 

in a constitutional relationship. This was one of the major reasons to develop a machine 

learning model for the maximum horizontal stress estimation from borehole breakout 

(Lin et al. 2020). Since the minor principal stress (𝜎3 = 𝜎𝑟 = 0) is negligible at the 

borehole wall, the failure criteria which do not incorporate the intermediate stress can 

all be simplified as the uniaxial compressive stress condition regardless. Hence, rock is 

only subjected to the tangential stress (𝜎𝜃) at the borehole wall, i.e. 

𝝈𝟏 = 𝝈𝜽 = 𝑼𝑪𝑺 
         

(6.5) 

Barton et al. (1988) were the first researchers to introduce this approach, suggest ing that 

the maximum horizontal stress can be estimated given the minimum horizontal stress:  

𝝈𝑯 =
𝑼𝑪𝑺

(𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽)
− 𝝈𝒉

(𝟏 + 𝟐𝒄𝒐𝒔𝟐𝜽)

(𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽)
 

         
(6.6) 

where 2𝜃 = 180˚ − 2𝜃𝑏 . This method has been implemented in many field conditions 

and is the basis of the contemporary stress polygon technique to constrain the 

magnitudes of horizontal stresses in conjunction with Anderson’s faulting mechanism 

(Barton et al. 1988; Zoback et al. 2003; Yaghoubi and Zeinali 2009; Nian et al. 2016; 

Molaghab et al. 2017). It provides an indication of two horizontal stress magnitudes in 

the field, although the approach failed to consider the influence of intermediate stress. 

In order to estimate the magnitude of the minimum horizontal stress, Eq. (6.6) can be 

rearranged as: 

𝝈𝒉 =
𝑼𝑪𝑺 − (𝟏 − 𝟐𝒄𝒐𝒔𝟐𝜽)𝝈𝑯

(𝟏 + 𝟐𝒄𝒐𝒔𝟐𝜽)
 

         
(6.7) 

6.3.2.2 Failure criteria considering the intermediate stress  

Based on the laboratory results, it is clear that the vertical stress influences breakout 

angular span; this means that the intermediate stress should be considered in 𝜎ℎ 

estimation according to Eq. (6.3). To determine the most reliable criteria for calculating 

𝜎ℎ from breakout angular span, several failure criteria are summarised and discussed in 

the following section. Since the approach is developed for practical application, it is 

important to use common parameters including 𝑈𝐶𝑆, 𝑈𝑇𝑆, cohesion (𝑐) and friction 

angle (𝜙), rather than other empirical parameters which are difficult to collect in the 

field. Table 6.2 presents the failure criteria that are studied in this chapter. 
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Table 6.2 Failure criteria with intermediate stress 

Failure Criteria Governing Equation 

Mogi–Coulomb 𝝉𝒐𝒄𝒕 = 𝒂 + 𝒃𝝈𝒎.𝟐 

Modified 

Wiebols–Cook 
𝑱𝟐

𝟏/𝟐
= 𝑨 + 𝑩𝑱𝟏 + 𝑪𝑱𝟏

𝟐 

Von Mises 
𝑱𝟐

𝟏/𝟐
=

𝑼𝑪𝑺

𝟑

= √
𝟏

𝟔
((𝝈𝟏 − 𝝈𝟐 )𝟐 + (𝝈𝟐 − 𝝈𝟑 )𝟐 + (𝝈𝟑 − 𝝈𝟏 )𝟐) 

Inscribed 

Drucker–Prager 
𝑱𝟐

𝟏/𝟐
=

𝟑𝑼𝑪𝑺 × 𝒄𝒐𝒔𝝓

𝟐√𝒒√𝟗 + 𝟑𝒔𝒊𝒏𝟐𝝓
+

𝟑𝒔𝒊𝒏𝝓

√𝟗 + 𝟑𝒔𝒊𝒏𝟐𝝓
𝑱𝟏  

Circumscribed 

Drucker–Prager 
𝑱𝟐

𝟏/𝟐
=

√𝟑𝑼𝑪𝑺 × 𝒄𝒐𝒔𝝓

√𝒒(𝟑 − 𝟑𝒔𝒊𝒏𝝓)
+

𝟔𝒔𝒊𝒏𝝓

√𝟑(𝟑 − 𝟑𝒔𝒊𝒏𝝓)
𝑱𝟏 

Modified Lade (𝑰𝟏
′ )𝟑

𝑰𝟑
′ = 𝟐𝟕 + 𝜼 

Murrell (𝝈𝟏 − 𝝈𝟑)𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑 )𝟐

= 𝟐𝟒𝑻(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑) 

Stassi D’Alia (𝝈𝟏 − 𝝈𝟑)𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑)𝟐

= 𝟐(𝑼𝑪𝑺 − 𝑻)(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑 )

+ 𝟐𝑼𝑪𝑺 × 𝑻 

6.3.2.2.1 Mogi–Coulomb  

Based on a series of polyaxial tests on various hard rocks using a customised apparatus, 

Mogi (1971) investigated the effect of intermediate and minor stresses on the ultimate 

strength of rock. Results showed that both stresses affected the rock failure strength, and 

Mogi (1971) proposed an empirical relationship to incorporate these stresses:   
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𝝉𝒐𝒄𝒕 = 𝒇(𝝈𝒎.𝟐) 
          

(6.8) 

where 𝜏𝑜𝑐𝑡 =
1

3
√(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2  = octahedral shear stress, 

𝜎𝑚.2 =
1

2
(𝜎1 + 𝜎3) = mean normal stress and f = a monotonically increasing function 

with a power-fit on 𝜎𝑚.2 , i.e. 𝜎𝑚.2
𝑛 ; where 𝑛  is obtained from curve fitting of 

experimental data. This failure criterion was implemented by Haimson and Song (1995) 

and Song and Haimson (1997) on 𝜎𝐻 estimation with given 𝜎ℎ, angular span and rock 

information prior to the introduction of Mohr–Coulomb parameters to Mogi–Coulomb. 

Results suggested that Mogi–Coulomb is a reliable failure criterion for 𝜎𝐻 estimation.  

Al-Ajmi and Zimmerman (2005) subsequently argued that this power-fit Mogi–

Coulomb function can be replaced with a linear function, and its parameters can be 

obtained from Mohr–Coulomb according to polyaxial test data, such that the equation 

was modified as: 

𝝉𝒐𝒄𝒕 = 𝒂 + 𝒃𝝈𝒎.𝟐  
         

(6. 9) 

with  

𝒂 =
𝟐√𝟐

𝟑

𝑼𝑪𝑺

𝒒 + 𝟏
 

𝒃 =
𝟐√𝟐

𝟑

𝒒 − 𝟏

𝒒 + 𝟏
 

𝒒 = (𝟏 + 𝒔𝒊𝒏𝝓)/(𝟏 − 𝒔𝒊𝒏𝝓) 

The Mogi–Coulomb failure criterion has also been regarded as a reliable failure 

criterion for wellbore stability analysis (Zhang et al. 2010; Rahimi and Nygaard 2015). 

6.3.2.2.2 Modified Wiebols–Cook  

Zhou (1994) proposed a failure criterion to model the initial borehole breakout shape, 

which was developed as an extension of the Drucker–Prager criterion (Bradley 1979). 

Since this model has similar characteristics to Wiebols–Cook (Wiebols and Cook 1968), 

it was later named the modified Wiebols–Cook failure criterion. The governing 

equation of the modified Wiebols–Cook is presented below:  
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𝑱𝟐
𝟏/𝟐

= 𝑨 + 𝑩𝑱𝟏 + 𝑪𝑱𝟏
𝟐         (6.10) 

where 

𝑱𝟏 =
𝟏

𝟑
(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑) 

𝑱𝟐

𝟏
𝟐 = √((𝝈𝟏 − 𝝈𝟐 )𝟐 + (𝝈𝟐 − 𝝈𝟑)𝟐 + (𝝈𝟑 − 𝝈𝟏 )𝟐)

𝟏

𝟔
 

𝑨 =
𝑼𝑪𝑺

√𝟑
−

𝑼𝑪𝑺

𝟑
𝑩 − (

𝑼𝑪𝑺

𝟑
)

𝟐

𝑪 

𝑩 =
√𝟑(𝒒 − 𝟏)

𝒒 + 𝟐
−

𝑪

𝟑
(𝟐𝑼𝑪𝑺 + (𝒒 + 𝟐)𝝈𝟑 ) 

𝑪 =
√𝟐𝟕

(𝟐𝑪𝟏 + (𝒒 − 𝟏)𝝈𝟑 − 𝑼𝑪𝑺)
× (

𝑪𝟏 + (𝒒 − 𝟏)𝝈𝟑 − 𝑼𝑪𝑺

𝟐𝑪𝟏 + (𝟐𝒒 + 𝟏)𝝈𝟑 − 𝑼𝑪𝑺
−

𝒒 − 𝟏

𝒒 + 𝟐
) 

𝑪𝟏 = (𝟏 + 𝟎. 𝟔𝒕𝒂𝒏𝝓)𝑼𝑪𝑺 

𝐽1 = mean effective confining stress and 𝐽2 = second deviatoric stress invariant. While 

the governing equation seems complicated and involves a number of sub-equations 

including 𝐴, 𝐵 and 𝐶, these sub-equations can be simply represented by two commonly 

used parameters, i.e. 𝑈𝐶𝑆 and 𝜙. Similar to Mogi–Coulomb, this failure criterion has 

been applied in the field conditions of two constraining horizontal stresses based on 

breakout angular span (Chang et al. 2010; Huffman and Saffer 2016). 

6.3.2.2.3 Von Mises 

Prior to true triaxial test equipment development, the importance of the intermediate 

stress on rock failure was not studied experimentally. Based on the energy distortion in 

the material, Von Mises (1913) was one of the early researchers who theoretically  

proposed an equation to incorporate the influence of intermediate stress:  

𝑱𝟐
𝟏/𝟐

=
𝑼𝑪𝑺

𝟑
= √((𝝈𝟏 − 𝝈𝟐 )𝟐 + (𝝈𝟐 − 𝝈𝟑 )𝟐 + (𝝈𝟑 − 𝝈𝟏)𝟐)

𝟏

𝟔
        (6.11) 

Since the failure criterion was developed from the theory of plasticity, it is more 

suitable for materials with ductile behaviours, such as metals.  
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6.3.2.2.4 Drucker–Prager 

Due to the limited applicability of the Von Mises criterion to different material types, 

Drucker and Prager (1952) later extended the failure criterion to soil mechanics by 

considering the influence of mean effective confining stress:  

𝑱𝟐
𝟏/𝟐

= 𝒌 + 𝜶𝑱𝟏         (6.12) 

where 𝑘  and 𝛼  are material constants that can be determined from 𝐽2
1/2  and 𝐽1 

relationship. Based on the intersections with the Mohr–Coulomb failure criterion from 

inner and outer boundaries, Drucker–Prager can be further divided into two categories: 

inscribed Drucker–Prager, which touches the inner bound of the Mohr–Coulomb, and 

circumscribed Drucker–Prager, which touches the outer bound of the Mohr–Coulomb. 

Since both categories were compared to Mohr–Coulomb, its material constants 𝑘 and 𝛼 

can be represented in terms of cohesion and friction angle, respectively. 

The material constants of Inscribed Drucker–Prager can be expressed as (McLean and 

Addis 1990): 

𝜶 =
𝟑𝒔𝒊𝒏𝝓

√𝟗 + 𝟑𝒔𝒊𝒏𝟐𝝓
 

𝒌 =
𝟑𝑼𝑪𝑺 × 𝒄𝒐𝒔𝝓

𝟐√𝒒√𝟗 + 𝟑𝒔𝒊𝒏𝟐𝝓
   

The material constants of Circumscribed Drucker–Prager criterion are obtained as 

(Zhou 1994): 

𝜶 =
𝟔𝒔𝒊𝒏𝝓

√𝟑(𝟑 − 𝟑𝒔𝒊𝒏𝝓)
 

𝒌 =
√𝟑𝑼𝑪𝑺 × 𝒄𝒐𝒔𝝓

√𝒒(𝟑 − 𝟑𝒔𝒊𝒏𝝓)
 

6.3.2.2.5 Modified Lade 

Based on elasto-plastic stress–strain theory, Lade (1977) developed a three-dimensional 

failure criterion for cohesionless soil with curved failure envelopes. Its equation can be 

written as: 
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((
𝑰𝟏

𝟑

𝑰𝟑

) − 𝟐𝟕) (
𝑰𝟏

𝒑𝒂

)
𝒎′

= 𝜼𝟏 (6.13) 

with 

𝑰𝟏 = 𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑  

𝑰𝟑 = 𝝈𝟏𝝈𝟐𝝈𝟑 

where 𝐼1 = first stress invariant, 𝐼3= third stress invariant, 𝑝𝑎  = atmospheric pressure, 𝑚′ 

and 𝜂1 are material constants. Ewy (1999) later attempted to modify the Lade criterion 

so that it can incorporate the increasing relationship between 𝐼1  and linear shear 

strength. By assuming 𝑚′ = 0, Eq. (6.13) can be modified as: 

(𝑰𝟏
′ )𝟑

𝑰𝟑
′ = 𝟐𝟕 + 𝜼           (6.14) 

where 

𝑰𝟏
′ = (𝝈𝟏 + 𝑺) + (𝝈𝟐 + 𝑺) + (𝝈𝟑 + 𝑺) 

𝑰𝟑 = (𝝈𝟏 + 𝑺)(𝝈𝟐 + 𝑺)(𝝈𝟑 + 𝑺) 

Compared to the original Lade criterion, the modified Lade criterion considers the effect 

of intermediate stress more reasonably in borehole stability analysis (Ewy 1999). Its 

material constants 𝜂 and 𝑆 can also be obtained from Mohr–Coulomb parameters:  

𝑺 =
𝒄

𝒕𝒂𝒏𝝓
 

𝜼 =
𝟒𝒕𝒂𝒏𝟐 𝝓(𝟗 − 𝟕𝒔𝒊𝒏𝝓)

𝟏 − 𝒔𝒊𝒏𝝓
 

6.3.2.2.6 Murrell  

Murrell (1963) extended the Griffith criterion (Griffith 1921) to a three-dimensional 

stress distribution to take account of the effect of intermediate stress, and the 

relationship can be presented as the following:  

(𝝈𝟏 − 𝝈𝟑 )𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑)𝟐 = 𝟐𝟒𝑻(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑 )        (6.15) 
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where 𝑇 = 𝑈𝐶𝑆

12
. The Murrell criterion used a higher ratio of 𝑈𝐶𝑆/𝑈𝑇𝑆 than the Griffith 

criterion, to match typical experimental results (Fjar et al. 2008). The criterion may also 

be written in terms of normal (𝜎) and shear (𝜏) stresses:  

𝝉𝟐 + 𝟏𝟐𝑻𝝈 = 𝟑𝟔𝑻        (6.16) 

6.3.2.2.7 Stassi D’Alia 

Stassi-D'Alia (1967) developed a failure criterion from the plasticisation condition by 

considering the inherent resistance of material to tension and compression: 

(𝝈𝟏 − 𝝈𝟑)𝟐 + (𝝈𝟏 − 𝝈𝟐)𝟐 + (𝝈𝟐 − 𝝈𝟑 )𝟐

= 𝟐(𝑼𝑪𝑺 − 𝑼𝑻𝑺)(𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑) + 𝟐𝑼𝑪𝑺 × 𝑼𝑻𝑺  
         (6.17) 

Compared to the Murrell criterion, Stassi D’Alia may be more practically reliable as it 

uses both 𝑈𝐶𝑆 and 𝑈𝑇𝑆 values instead of assuming a constant ratio. In addition, it does 

not require Mohr–Coulomb parameters to evaluate the equation. 

6.3.2.3 Laboratory data 

To determine the most reliable failure criterion for 𝜎ℎ estimation, it is essential to have 

sufficient laboratory data.  Table 6.3 presents a list of experimental studies on 

borehole breakout including their rock mechanical properties. As the friction angle for 

Tenino sandstone was not provided, a reasonable assumption of 36˚ was used in the 

analysis. It is noted that a sensitivity analysis of friction angle on the most appropriate 

failure criterion was conducted, as described in Section 6.5.3 below. Results indicated 

that predictions were not sensitive to the change in this parameter. Since the modified 

Lade criterion was the only criterion that used cohesion directly for its parameter, it was 
replaced with the following equation for simplicity: 

𝒄 =
𝑼𝑪𝑺

𝟐√(𝟏 + 𝒔𝒊𝒏𝝓)/(𝟏 − 𝒔𝒊𝒏𝝓)
          (6.18) 

As discussed by a significant body of research, the stress required for breakout initiation 

in the laboratory is substantially higher than in the field (Haimson and Herrick 1989; 

Carter et al. 1991; Carter 1992; Papanastasiou and Thiercelin 2010; Lin et al. 2019). In 

some experimental cases, the horizontal stress ratio applied can be as high as 8, which is 

practically impossible in the field. Later, it was realised this was due to the size of the 
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borehole, where the stress required for borehole breakout initiation is inversely 

proportional to the borehole size used in the laboratory (Haimson and Herrick 1989; Lee 

and Haimson 1993; Herrick and Haimson 1994; Lin et al. 2019). To incorporate this 

effect in the experiments, some studies suggested replacing 𝑈𝐶𝑆  with a more 

representative parameter, i.e. borehole wall strength ( 𝐵𝑊𝑆 ) (Walton et al. 2015; 

LeRiche et al. 2017). This is also one of the reasons to replace cohesion with 𝑈𝐶𝑆 from 

Eq. (6.18) to take account of this effect for the modified Lade criterion. Lin et al. (2020) 

proposed an empirical relationship to quantify this relationship, which was reliable in 

laboratory conditions. Similarly, it is essential to upscale 𝑈𝑇𝑆  in the laboratory 

condition as it is also borehole size dependent (Carter et al. 1991; Carter 1992; Carter et 

al. 1992), namely, borehole tensile strength (𝐵𝑇𝑆). Hence, this study also summarised a 

simple and effective empirical relationship on 𝑈𝑇𝑆 based on the experimental data from 

Carter (1992): 

𝑩𝑻𝑺

𝑼𝑻𝑺
= 𝟎. 𝟎𝟎𝟕𝟔𝑹𝟐 − 𝟎. 𝟓𝟓𝟑𝟐𝑹 + 𝟏𝟏. 𝟕𝟎𝟏     (6.19) 

Table 6.4 summarises the breakout angular span, stress conditions and 𝐵𝑊𝑆 and 𝐵𝑇𝑆 

for each experimental data from the literature. In total, there are 79 data collected for the 

examination of failure criteria. From the table, it is clear that, apart from this study, all 

other studies investigated mainly the influence of 𝜎𝐻 on breakout geometries. Based on 

the data obtained, it can be concluded that increasing 𝜎𝐻 will lead to larger breakout 

angular span when 𝜎ℎ and 𝜎𝑣 are constant. 

 

 

 

 Table 6.3 Rock properties from literature and experimental data 

Source Rock Type 𝑈𝐶𝑆 
(MPa) 

𝑈𝑇𝑆 (MPa) Friction 

angle (˚) 

Poisson’s 

ratio  

Herrick and 

Haimson 

Alabama 

limestone 

43 2.5a 18 0.27 
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(1994) 

Haimson and 

Lee (2004) 

Tablerock 

sandstone 

39 4.4 39.7 0.2 

Lee and 

Haimson 

(2006) 

Tenino 

sandstone 

35.06 2.47 36b 0.22 

Lin et al. 

(2019) 

Gosford 

sandstone 

42.3 2.8 35 0.17 

This study Hydrostone-

TB 

18.2 2.07 28 0.19 

6.3.3 Examination of failure criterion on estimating 𝝈𝒉  

By submitting Eq. (6.1)–(6.3) into each rock failure criterion governing equation, 𝜎ℎ 

can be estimated by providing maximum horizontal and vertical stresses, rock and 

breakout information. The 79 laboratory data summarised above were used to examine 

the reliability of each model, and the average errors were compared. Interestingly, 

unreasonable prediction results were obtained from all failure criteria. Some predictions 

even yielded negative results or were simply unsolvable. It was later noted that this is 

because of the nature of the governing equations. For instance, Figure 6.4 shows the 

relationships between horizontal stress magnitudes derived from different failure criteria 

according to Data 5 in Table 6.4. For this particular set of data, the modified Wiebols–

Cook criterion did not provide a closed-form relationship, whereas modified Lade 

yielded eigenvalues in the relationship. To estimate 𝜎ℎ, a horizontal line is first drawn 

from the y-axis given the magnitude of 𝜎𝐻. Then, the intersection between the 𝜎𝐻 line 

and the failure criterion line can be determined. A vertical line can then be drawn down 

to the x-axis to determine the predicted 𝜎ℎvalue, as illustrated in Figure 6.5. 
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Figure 6.4 Illustration of data 5 from different failure criteria. The black dot line 

represents 𝜎𝐻 = 𝜎ℎ; the intersections between the axes and black dot lines refer to the 

laboratory applied horizontal stress values 

The black dotted lines in Figure 6.4 represent the horizontal stress magnitudes applied 

in data 5. As displayed in the figure, the 𝜎𝐻  line does not meet any of the failure 

criterion lines, suggesting that there is no solution for 𝜎ℎ . This is the reason why 

unreasonable prediction results were observed during estimation of 𝜎ℎ. According to the 

figure, it can also be seen that the relationships between horizontal stress magnitudes 

can be significantly different for different failure criteria. This suggests that the 

prediction results for 𝜎ℎ  will also vary, depending on the failure criterion. Although 

failure criteria do not intersect with the 𝜎𝐻  line, the Mogi–Coulomb criterion is the 

closest distance from the line. Compared to the other criteria, the Von Mises criterion 

requires the lowest 𝜎𝐻 to predict the same 𝜎ℎ value, whereas the Murrell criterion needs 

the highest 𝜎𝐻 to obtain the same 𝜎ℎ value. 

𝜎𝐻 

𝜎ℎ 
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Figure 6.4 also shows that the gradients of relationships for failure criteria are relatively 

flat, indicating that the magnitude of 𝜎ℎ is very sensitive to the input 𝜎𝐻. Conversely, 

this means that the magnitude of 𝜎𝐻 is not as sensitive as 𝜎ℎ. The implication here is 

that it may be more appropriate to estimate 𝜎𝐻 from given 𝜎ℎ  as the vertical 𝜎ℎ  line 

from Figure 6.4 can intersect with all failure criteria.  

 

Figure 6.5 Illustration of the estimation process 

Table 6.4 Stress and associated rock information from literature and experimental data 

Literature Data 𝜎𝐻 
(MPa)  

𝜎ℎ 
(MPa) 

𝜎𝑣 
(MPa) 

𝜃𝑏(˚) 𝐵𝑊𝑆 
(MPa) 

𝐵𝑇𝑆 (MPa) 

Herrick 
and 

Haimson 
(1994) 

1 41 14 21 45 92.33  16.34 

2 50 14 21 55 92.33  16.34 

3 57.5 14 21 65.5 92.33  16.34 

4 65.5 14 21 81.5 92.33  16.34 

𝜎𝐻 

𝜎ℎ 

Intersection 

Failure criterion equation 
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5 51.5 21 28 53.5 92.33  16.34 

6 58.5 21 28 56 92.33  16.34 

7 65.5 21 28 63 92.33  16.34 

8 65.5 21 28 65.5 92.33  16.34 

9 72.2 21 28 70 92.33  16.34 

10 75.8 21 28 80 92.33  16.34 

11 58.5 28 3s5 52 92.33  16.34 

12 65.5 28 35 55.5 92.33  16.34 

13 72.2 28 35 68 92.33  16.34 

14 79 28 35 70 92.33  16.34 

15 83 28 35 86 92.33  16.34 

16 62 35 42 45 92.33  16.34 

17 69 35 42 57 92.33  16.34 

18 79 35 42 64 92.33  16.34 

19 84.5 35 42 86 92.33  16.34 

20 90 35 42 88 92.33  16.34 

Haimson 
and Lee 
(2004) 

21 40 15 30 35 83.74  28.76 

22 50 15 30 51.5 83.74  28.76 

23 60 15 30 65 83.74  28.76 

24 70 15 30 73 83.74  28.76 

25 60 20 40 63 83.74  28.76 

26 70 20 40 67.5 83.74  28.76 

27 80 20 40 73 83.74  28.76 

28 60 25 40 64 83.74  28.76 
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29 70 25 40 71 83.74  28.76 

30 75 25 40 75 83.74  28.76 

31 85 25 40 82 83.74  28.76 

32 54.9 30 40 53 83.74  28.76 

33 60 30 40 64 83.74  28.76 

34 65.1 30 40 79.5 83.74  28.76 

35 69.6 30 40 100 83.74  28.76 

36 75 30 40 111 83.74  28.76 

37 60 40 50 95 83.74  28.76 

38 64 40 50 116 83.74  28.76 

39 69.2 40 50 138 83.74  28.76 

Lee and 
Haimson 
(2006) 

40 35.4 15 25 45 75.28  16.14 

41 50.25 15 25 59 75.28  16.14 

42 65.25 15 25 63.5 75.28  16.14 

43 40 20 30 48 75.28  16.14 

44 50 20 30 68 75.28  16.14 

45 60 20 30 73.5 75.28  16.14 

46 70 20 30 78.5 75.28  16.14 

47 45 25 35 61.5 75.28  16.14 

48 50 25 35 66 75.28  16.14 

49 55 25 35 70 75.28  16.14 

50 60.5 25 35 72 75.28  16.14 

51 65 25 35 77 75.28  16.14 

52 40.5 30 40 56 75.28  16.14 
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53 51 30 40 70.3 75.28  16.14 

54 60 30 40 77.5 75.28  16.14 

55 60 40 50 68 75.28  16.14 

56 72 40 50 73.6 75.28  16.14 

57 80 40 50 82 75.28  16.14 

58 93.2 40 50 85 75.28  16.14 

Lin et al. 
(2019) 

59 40 10 5 25 97.72 19.17 

60 50 10 5 41.5 97.72 19.17 

61 60 10 5 53 97.72 19.17 

62 40 10 5 40.5 90.83 16.14 

63 50 10 5 55.5 90.83 16.14 

64 60 10 5 60 90.83 16.14 

65 40 10 5 51 82.23 12.63 

66 50 10 5 71.5 82.23 12.63 

67 55 10 5 83 82.23 12.63 

This 
study 

68 25 5 5 55 39.08 10.58 

69 25 5 10 46 39.08 10.58 

70 25 5 15 32 39.08 10.58 

71 25 5 20 17 39.08 10.58 

72 25 10 5 39 39.08 10.58 

73 25 15 5 11 39.08 10.58 

74 30 10 10 58 39.08 10.58 

75 30 10 15 49 39.08 10.58 

76 30 10 20 39.5 39.08 10.58 
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77 30 10 25 18 39.08 10.58 

78 30 15 10 37.5 39.08 10.58 

79 30 20 10 10 39.08 10.58 

6.3.4 Examination of failure criterion on estimating 𝝈𝑯  

A similar approach was conducted to estimate 𝜎𝐻  when 𝜎ℎ , 𝜎𝑣 , rock and breakout 

information are provided. Figure 6.6 presents the estimation results from six rock failure 

criteria. Circumscribed Drucker–Prager, modified Lade and modified Wiebols–Cook 

are not included, since they cannot predict some data points due to the nature of their 

equations for the reasons given in Section 4.3. It was also noted that Von Mises also 

cannot estimate data 38. 

 
Figure 6.6 𝜎𝐻 prediction on laboratory data 
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Table 6.5 𝜎𝐻 estimation for each laboratory data 

Data Barton Mogi–
Coulomb 

Inscribed 
Drucker–

Prager 

Murrell Stassi 
D’Alia 

Von Mises 

1 40.65 48.12 37.57 121.27 58.64 27.81 

2 43.96 52.18 40.32 132.29 63.50 29.51 

3 49.16 58.44 44.56 148.60 70.82 32.16 

4 63.65 75.17 55.80 187.77 89.29 39.43 

5 43.99 52.82 41.47 134.10 65.45 29.93 

6 44.76 53.85 42.13 137.25 66.77 30.23 

7 47.38 57.32 44.32 147.64 71.15 31.25 

8 48.51 58.81 45.26 151.99 73.01 31.69 

9 50.89 61.90 47.20 160.83 76.82 32.61 

10 58.36 71.42 53.18 186.24 88.15 35.50 

11 44.28 53.54 42.67 135.94 67.39 30.36 

12 45.03 54.69 43.32 140.11 69.01 30.47 

13 48.77 60.33 46.50 159.86 76.83 31.02 

14 49.57 61.53 47.18 163.89 78.46 31.14 

15 59.88 76.51 55.55 209.19 97.69 32.68 

16 44.25 53.21 43.40 132.60 67.50 31.02 

17 45.69 55.98 44.66 145.40 72.05 30.38 

18 46.90 58.31 45.72 155.69 75.77 29.84 

19 54.60 72.72 52.19 211.53 97.30 26.28 

20 55.87 75.04 53.23 219.30 100.53 25.67 

21 35.37 50.85 30.38 184.47 49.44 24.66 



189 
 

22 38.94 56.75 32.90 210.28 55.10 26.37 

23 44.12 65.12 36.47 245.80 63.12 28.86 

24 48.91 72.60 39.67 276.51 70.31 31.17 

25 42.92 66.25 38.71 246.17 64.55 26.92 

26 44.78 69.76 40.12 261.47 67.90 27.50 

27 47.60 75.05 42.24 283.98 72.94 28.41 

28 42.98 66.38 38.38 248.31 64.61 26.91 

29 45.43 71.67 40.07 273.50 69.61 27.19 

30 47.23 75.47 41.29 291.15 73.22 27.39 

31 51.39 84.06 44.06 329.59 81.35 27.87 

32 40.77 60.74 36.66 219.31 59.22 27.27 

33 42.65 65.79 37.75 247.26 63.97 26.77 

34 47.40 78.10 40.40 311.69 75.55 25.49 

35 66.37 120.53 49.76 490.51 115.72 19.95 

36 113.81 187.44 66.65 614.88 182.01 0.36 

37 44.53 98.17 38.80 437.87 94.50 -3.11 

38 70.34 231.32 34.98 629.15 223.80 N/A 

39 32.31 245.80 240.53 205.91 252.34 318.68 

40 33.76 46.17 29.06 118.03 49.38 23.33 

41 37.30 51.69 31.52 134.63 55.28 24.91 

42 38.93 54.17 32.62 141.93 57.92 25.64 

43 35.09 48.71 31.28 123.84 52.44 24.12 

44 40.17 57.76 34.78 152.99 62.28 25.54 

45 42.50 61.79 36.34 165.43 66.61 26.20 
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46 45.22 66.41 38.12 179.24 71.53 26.97 

47 37.94 54.86 34.43 143.74 59.69 24.33 

48 38.94 57.06 35.11 151.51 62.14 24.28 

49 40.01 59.38 35.83 159.57 64.71 24.22 

50 40.62 60.70 36.24 164.07 66.17 24.19 

51 42.44 64.55 37.43 176.97 70.40 24.09 

52 37.21 53.58 34.96 138.40 58.78 23.92 

53 39.13 59.57 36.20 162.44 65.73 22.20 

54 40.66 64.27 37.16 180.41 71.10 20.78 

55 37.30 57.94 36.34 161.97 65.85 17.15 

56 36.98 60.03 35.93 173.95 68.65 13.90 

57 36.31 64.42 35.07 197.83 74.42 6.24 

58 35.98 66.52 34.65 208.65 77.13 1.94 

59 37.63 43.31 24.32 105.20 45.03 24.42 

60 41.11 47.21 25.99 115.79 49.04 26.18 

61 45.27 51.79 27.93 128.04 53.72 28.28 

62 38.10 43.82 24.27 97.43 45.73 24.38 

63 43.21 49.47 26.63 111.16 51.53 26.92 

64 45.42 51.86 27.63 116.89 53.97 28.00 

65 37.55 43.20 23.60 83.90 45.31 23.70 

66 48.07 54.51 28.20 107.16 56.86 28.72 

67 60.03 66.52 33.07 130.50 68.81 34.28 

68 18.54 21.75 14.20 75.23 23.36 12.04 

69 17.17 21.41 14.89 72.35 23.71 11.70 
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70 15.79 20.34 14.84 68.18 23.20 10.80 

71 14.98 19.51 14.75 66.21 23.02 9.59 

72 17.47 19.98 13.52 65.76 21.25 11.89 

73 18.06 19.97 14.30 59.80 20.95 13.11 

74 19.26 23.80 16.20 81.03 26.17 12.87 

75 18.25 23.34 16.86 77.49 26.36 12.54 

76 17.50 22.63 17.07 74.71 26.32 11.65 

77 16.57 21.04 16.56 69.60 25.33 9.69 

78 18.51 21.98 15.82 68.67 23.81 13.36 

79 19.69 22.49 17.02 63.41 23.95 15.12 

According to the figure, it can be seen that both Mogi–Coulomb and Stassi D’Alia 

yielded the most reliable results, with an average error rate of 22.69% and 22.75%, 

respectively. Murrell significantly overestimated 𝜎𝐻  while Von Mises and Inscribed 

Drucker–Prager underestimated 𝜎𝐻 . As displayed in the figure, there are five over-

predictions in Mogi–Coulomb and Stassi D’Alia, which also happened to be the only 

five data (Data 35–39) which have angular spans over 90˚. In field conditions, it is rare 

to have a breakout angular span that is greater than 90˚, and thus these five data may be 

neglected. The average error rates of the two failure criteria are 13.37% and 13.74% 

after removing the five data. Thus, the two failure criteria are the most reliable 

approaches to estimate 𝜎𝐻. Table 6.5 and Table 6.6 show the magnitudes of each 𝜎𝐻 

prediction as well as the error rate, respectively (Shen et al. 2002; Shen 2008; Klee et al. 

2011; Leriche 2017). 

Table 6.6 Estimation error for each data 

Data Barton Mogi–
Coulomb 

Inscribed 
Drucker–

Prager 

Murrell Stassi 
D’Alia 

Von 
Mises 

1 -0.86% 17.38% -8.37% 195.78% 43.03% -32.17% 

2 -12.08% 4.35% -19.36% 164.59% 27.00% -40.98% 
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3 -14.50% 1.63% -22.51% 158.43% 23.17% -44.07% 

4 -2.82% 14.77% -14.80% 186.67% 36.33% -39.80% 

5 -14.59% 2.57% -19.47% 160.39% 27.08% -41.88% 

6 -23.49% -7.94% -27.99% 134.62% 14.13% -48.32% 

7 -27.67% -12.49% -32.34% 125.41% 8.63% -52.29% 

8 -25.94% -10.22% -30.91% 132.05% 11.46% -51.62% 

9 -29.52% -14.26% -34.62% 122.76% 6.40% -54.83% 

10 -23.01% -5.77% -29.85% 145.70% 16.29% -53.17% 

11 -24.30% -8.47% -27.05% 132.37% 15.20% -48.10% 

12 -31.25% -16.51% -33.86% 113.91% 5.37% -53.48% 

13 -32.45% -16.44% -35.59% 121.41% 6.41% -57.04% 

14 -37.25% -22.11% -40.28% 107.46% -0.69% -60.58% 

15 -27.85% -7.82% -33.07% 152.03% 17.70% -60.63% 

16 -28.63% -14.18% -30.00% 113.87% 8.88% -49.97% 

17 -33.79% -18.86% -35.27% 110.72% 4.42% -55.97% 

18 -40.64% -26.19% -42.13% 97.07% -4.09% -62.23% 

19 -35.39% -13.95% -38.23% 150.33% 15.15% -68.90% 

20 -37.92% -16.63% -40.85% 143.67% 11.70% -71.48% 

21 -11.58% 27.12% -24.05% 361.19% 23.61% -38.35% 

22 -22.13% 13.50% -34.20% 320.57% 10.20% -47.26% 

23 -26.46% 8.53% -39.21% 309.66% 5.20% -51.90% 

24 -30.13% 3.72% -43.32% 295.02% 0.45% -55.47% 

25 -28.46% 10.41% -35.49% 310.29% 7.58% -55.13% 

26 -36.03% -0.34% -42.69% 273.53% -3.00% -60.71% 
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27 -40.50% -6.18% -47.20% 254.97% -8.83% -64.49% 

28 -28.37% 10.64% -36.04% 313.85% 7.68% -55.15% 

29 -35.09% 2.38% -42.76% 290.71% -0.55% -61.16% 

30 -37.02% 0.63% -44.94% 288.20% -2.38% -63.48% 

31 -39.54% -1.11% -48.17% 287.76% -4.29% -67.21% 

32 -25.73% 10.64% -33.22% 299.48% 7.86% -50.33% 

33 -28.92% 9.64% -37.09% 312.10% 6.62% -55.38% 

34 -27.19% 19.96% -37.95% 378.79% 16.05% -60.84% 

35 -4.64% 73.17% -28.51% 604.75% 66.26% -71.34% 

36 51.74% 149.92% -11.13% 719.84% 142.68% -99.52% 

37 -25.78% 63.61% -35.33% 629.79% 57.50% -105.18% 

38 9.91% 261.44% -45.34% 883.05% 249.69% N/A 

39 -53.31% 255.20% 247.59% 197.55% 264.65% 360.52% 

40 -4.65% 30.42% -17.91% 233.42% 39.48% -34.10% 

41 -25.76% 2.87% -37.28% 167.92% 10.01% -50.43% 

42 -40.34% -16.98% -50.01% 117.51% -11.24% -60.70% 

43 -12.28% 21.78% -21.79% 209.59% 31.11% -39.70% 

44 -19.66% 15.52% -30.44% 205.99% 24.57% -48.92% 

45 -29.17% 2.99% -39.44% 175.72% 11.02% -56.33% 

46 -35.40% -5.13% -45.55% 156.06% 2.19% -61.47% 

47 -15.70% 21.91% -23.50% 219.43% 32.64% -45.93% 

48 -22.12% 14.11% -29.78% 203.02% 24.27% -51.44% 

49 -27.25% 7.96% -34.86% 190.12% 17.66% -55.96% 

50 -32.85% 0.33% -40.10% 171.19% 9.37% -60.02% 
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51 -34.71% -0.69% -42.41% 172.26% 8.30% -62.94% 

52 -8.12% 32.29% -13.68% 241.72% 45.12% -40.94% 

53 -23.28% 16.80% -29.03% 218.52% 28.87% -56.47% 

54 -32.23% 7.12% -38.06% 200.68% 18.50% -65.37% 

55 -37.83% -3.43% -39.43% 169.95% 9.75% -71.42% 

56 -48.63% -16.63% -50.10% 141.60% -4.66% -80.69% 

57 -54.62% -19.48% -56.17% 147.29% -6.98% -92.20% 

58 -61.39% -28.63% -62.82% 123.87% -17.24% -97.92% 

59 -5.92% 8.28% -39.20% 162.99% 12.56% -38.95% 

60 -17.77% -5.57% -48.03% 131.58% -1.92% -47.64% 

61 -24.55% -13.69% -53.44% 113.40% -10.47% -52.87% 

62 -4.75% 9.56% -39.33% 143.57% 14.32% -39.05% 

63 -13.58% -1.06% -46.74% 122.33% 3.06% -46.16% 

64 -24.31% -13.57% -53.95% 94.82% -10.05% -53.33% 

65 -6.12% 7.99% -41.01% 109.76% 13.27% -40.75% 

66 -3.86% 9.03% -43.61% 114.31% 13.73% -42.56% 

67 9.15% 20.94% -39.87% 137.27% 25.12% -37.67% 

68 -25.83% -12.99% -43.19% 200.91% -6.57% -51.84% 

69 -31.32% -14.37% -40.44% 189.39% -5.17% -53.20% 

70 -36.86% -18.65% -40.63% 172.72% -7.22% -56.80% 

71 -40.06% -21.96% -41.01% 164.82% -7.91% -61.64% 

72 -30.12% -20.06% -45.92% 163.03% -14.98% -52.44% 

73 -27.74% -20.10% -42.82% 139.22% -16.21% -47.56% 

74 -35.79% -20.67% -45.99% 170.11% -12.78% -57.10% 
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75 -39.16% -22.19% -43.79% 158.29% -12.12% -58.20% 

76 -41.66% -24.56% -43.09% 149.03% -12.27% -61.17% 

77 -44.75% -29.87% -44.81% 131.99% -15.58% -67.70% 

78 -38.30% -26.73% -47.28% 128.89% -20.64% -55.47% 

79 -34.37% -25.04% -43.25% 111.36% -20.15% -49.60% 

Average 27.45% 22.69% 39.75% 209.82% 22.75% 59.18% 

6.4 ARTIFICIAL NEURAL NETWORK ON CALCULATING 𝝈𝒉 

6.4.1 Artificial neural network 

Artificial neural network (ANN) models are a first order mathematical approximation  

to the human nervous system and are now widely used to solve a variety of problems 

related to classification, regression and prediction (Chen et al. 2019). ANNs are 

composed of multiple simple processing units called neurons , which perform 

computations on numerous input signals to produce an output. Each input to the neuron 

has associated weight and bias that has decisive impact on the output (Guo et al. 2012). 

In general, the network architecture of an ANN consists of three layers: an input layer, a 

hidden layer and an output layer (Srinivasulu and Jain 2006), see Figure 6.7. The input 

layer comprises of several inputs to the network and no computation is performed in 

this layer. An intermediate hidden layer is composed of a number of neurons that are 

arranged in parallel. A network may contain several hidden layers with neurons in each 

layer connected to the neurons in the preceding and subsequent layers. The output layer 

produces final predictions and is formed by a weighted summation of outputs from the 

last layer (Phung and Bouzerdoum 2007). A neuron in the network is identified by the 

activation or transfer function that is applied to the weighted sum of inputs , and each 

layer might have different activation functions (Salchenberger et al. 1992; Bashir and 

El-Hawary 2009). Commonly used activation functions include binary, linear, 

hyperbolic tangent and sigmoid. Determination of optimal weights and biases in a 

network is a critical aspect that governs the output and can be obtained using a training 

dataset i.e. a set of data consisting of inputs and outputs. Hence, the problem reduces to 

optimisation that involves minimising a specific cost function. The cost function often 

decomposes as a sum of certain loss functions (such as squared error, negative log 
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likelihood or cross entropy) over training examples. Several methods based on 

backpropagation (also called learning) are available to solve the optimisation problem 

of determining weights and biases (Rumelhart et al. 1986).  

 

Figure 6.7 General ANN architecture, where n = number of inputs, h and z = number of 

neurons in each hidden layer 

The topology of any given network, also known as network architecture, is defined by 

neuron connections in different layers. This study used a two-layer feedforward neural 

network with a sigmoid hidden layer and a scaled conjugate gradient (SCG) 

backpropagation algorithm (discussed in Section 6.4.3 below). In a feedforward neural 

network, information flows only in one direction from input to output. The study 

implemented a sigmoid activation function as it is widely used and employs SCG 

backpropagation due to its faster convergence of cost function (mean square error in this 

study) and modest memory requirements (Møller 1990). 

In recent years, ANN has gained popularity for parameter predictions in rock mechanics 

and mining applications (Mia and Dhar 2016; Qi et al. 2018; Nguyen et al. 2019). This 
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resulted from the capability of the model to discern complex patterns in the data and its 

ability to improve as additional data become available. For example, Esfe et al. (2019) 

predicted the viscosity of a nano-fluid from a set of 28 experimental data with high 

accuracy, demonstrating state-of-the-art performance. Similarly, Mia and Dhar (2016) 

predicted surface roughness using 68 multivariate experimental data respectively. In 

another study, Yilmaz and Yuksek (2008) used ANN to estimate various mechanical 

properties of rock based on 39 data. The importance of ANN for different applications 

ranging from rock engineering to mineral processing in mining was discussed by 

Kapageridis (2002).   

6.4.2 Trend analysis of parameters 

To generate a reliable artificial neural network model, 79 laboratory data were collected 

to be the initial database, as shown in Table 6.3 and Table 6.4. For the experimental 

data, it is easier to monitor stress magnitudes as well as obtain breakout geometries and 

rock information in experimental conditions. As discussed in Section 6.3, both 𝜎𝑣 and 

𝜎ℎ  are influential for breakout geometries. It has been argued 𝜃𝑏  is a more reliable 

parameter than 𝐿/𝑅 because it forms quickly at the initial stage of breakout and does 

not widen significantly afterwards (Barton et al. 1988; Zheng et al. 1989; Lee and 

Haimson 2006; Chang et al. 2010; Schoenball et al. 2014; Lee et al. 2016). Hence, three 

parameters which were considered for this model were 𝐵𝑊𝑆, 𝜎𝑣 and 𝜃𝑏 . 

Figure 6.8a–c display the relationships between 𝜎ℎ  and the three input parameters, 

respectively. The R-value lies between ‘0’ and ‘1’, with ‘1’ indicating perfect 

correlation while ‘0’ indicates that no relationship exists between prediction and 

measurement. Based on the figures, a positive linear relationship between 𝜎ℎ and 𝜎𝑣 can 

be found, with a 𝑅2 value of 0.79. On the other hand, the relationships between 𝜎ℎ, 𝜃𝑏  

and 𝐵𝑊𝑆 remain unclear due to their low 𝑅2 values, indicating no clear deterministic 

relationships between the parameters and responses. It was also noticed that there were 

only limited data points presented in Figure 6.8a and Figure 6.8c, mainly due to the 

experimental setup in previous studies. As the majority of the focus was on 

relationships between 𝜎𝐻  and breakout geometries, 𝜎ℎ  and 𝜎𝑣  were kept constant in 

many cases with varying 𝜎𝐻. This resulted in difficulty in using Kriging to predict 𝜎ℎ 

(Lin et al. 2020). 
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Unlike the early investigations, this study performed breakout experiments with various 

𝜎ℎ under constant 𝜎𝐻 and 𝜎𝑣. Results not only confirmed the dependency of breakout 

geometries on 𝜎ℎ, but also enriched the previous breakout database for machine learning 

and have been included as part of the 79 data points. Although supplementary data were 

added to the 𝜎ℎ database, they were still not sufficient to establish a reliable Kriging 

model (Lin et al. 2020). This is one of the main reasons to introduce ANN to overcome 

this limitation and estimate 𝜎ℎ.  

As discussed earlier, the correlations between 𝜎ℎ, 𝜃𝑏  and 𝐵𝑊𝑆 are unclear, because the 

parameters are not independent factors and influenced by 𝜎𝑣. For instance, 𝜃𝑏  is also 

related to 𝜎𝑣 apart from 𝜎ℎ, which has been demonstrated in the experimental results. It 

requires different 𝜎ℎ  and 𝜎𝑣  combinations to initiate borehole breakout for constant 

𝐵𝑊𝑆 . Hence, interaction terms are introduced to take account of this effect. The 

interaction terms are used when one variable is dependent on the other variable for the 

same response, such that an interaction variable should be included (Altman and 

Matthews 1996; Matthews and Altman 1996). For example, a general regression model 

with two variables (𝑥1 and 𝑥2) can be expressed as: 

𝒀 = 𝒂𝟏𝒙𝟏 + 𝒂𝟐 𝒙𝟐 + 𝒂𝟑 + 𝒆𝒓𝒓𝒐𝒓     (6.20) 

where 𝑌 = model response, 𝑎1, 𝑎2 and 𝑎3 are constants determined by regression. When 

the interaction terms are introduced, the model becomes: 

𝒀 = 𝒂𝟏 𝒙𝟏 + 𝒂𝟐 𝒙𝟐 + 𝒂𝟑 + 𝒂𝟒 (𝒙𝟏 × 𝒙𝟐 ) + 𝒆𝒓𝒓𝒐𝒓     (6.21) 

in which 𝑥1 × 𝑥2 is the interaction term. By applying this concept to the database, three 

new interaction terms were introduced to the model, as displayed in Figure 6.8a–f.  

As shown in Figure 6.8f, the correlation between 𝐵𝑊𝑆 × 𝜃𝑏  and 𝜎ℎ does not improve 

significantly compared to the singular term 𝜃𝑏  (Figure 6.8b) and still shows poor 

correlation. Hence, this interaction term was neglected. Instead, the other two newly 

introduced terms (𝜎𝑣 × 𝐵𝑊𝑆 and 𝜎𝑣 × 𝜃𝑏) exhibit significantly improved correlations 

with 𝜎ℎ , compared to that of the original terms. To make the ANN training and 

prediction more effective, instead of using three terms for artificial neural network 
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training, this study trained the model with five terms derived from the three parameters 

suggested earlier.   

 

Figure 6.8 ANN trend analysis on 𝜎𝐻 with respect to different parameters 

𝑅2 = 0.79 𝑅2 = 0.38 

𝑅2 = 0.75 𝑅2 = 0.14 

𝑅2 = 0.8 𝑅2 = 0.4 

a b 

c d 

e f 
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6.4.3 ANN modelling 

The ANN modelling is outlined in Figure 6.9. This study used MATLAB 2019b neural 

fitting tool (nftool) to create, train and test the neural network. To train the neural 

network the entire dataset consisting of 79 sample data was divided into three categories: 

training, validation and testing. The training dataset was used to train the network, 

which was adjusted based on the obtained mean square error (MSE). The validation 

dataset was used to measure network generalisation to check the network performance 

on an independent dataset. The network was modified repeatedly until the generalisation 

stops improving. Finally, the test dataset was used to provide a performance measure 

after the network is generalised. The entire process was repeated again until the error in 

all three datasets was optimised to a minimum. This study used 70% training data, 15% 

validation data and 15% test data which corresponds to 55, 12 and 12 data points 

respectively (Zain et al. 2010; Gholami et al. 2016; Mia and Dhar 2016). 

Various possible network architectures with variable hidden layers and number of 

neurons were tested to determine the most reliable combination. A low number of 

neurons may reduce analysis capability while an excessively high number of neurons 

might overtrain the network resulting in output with high error. A trial and error 

approach was adopted in this study where the number of neurons was varied in the 

range of 1–100 in the hidden layer. The threshold where performance (MSE) became 

consistent (20 neurons in this study) regardless of neuron numbers was selected. The 

number of hidden layers was restricted to one based on numerous past case studies 

(Zain et al. 2010; Mia and Dhar 2016; Moon et al. 2019). Several optimisation methods 

are provided in the toolbox such as Levenberg–Marquardt, Bayesian regularisation and 

SCG which have competitive advantages over one another. SCG was preferred due to 

its faster convergence and modest memory requirements. Figure 6.10 illustrates the 

prediction capability of the trained network corresponding to various datasets in terms 

of correlation coefficient (R-value). The solid line in the figure represents fit while the 

dashed line represents identical predicted and measured values. Figure 6.10 shows 

strong correlation between prediction and measurement in the dataset used.  
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Figure 6.9 ANN process 
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Figure 6.10 Correlation between prediction and measurement after application of 

trained neural network on various datasets 

6.5 VALIDATION ON FIELD DATA 
As the model has been trained, validated and tested during the model construction 

process, it is deemed to be a completed artificial neural network model. However, its 

prediction accuracy in the field remains a question. To examine the applicability of the  

model, 23 field data samples were collected, as summarised earlier by Lin et al. (2020), 

and shown in Table 6.7. The vertical stresses from data 1–20 were provided in the 

published studies, whereas the vertical stresses from data 21–23 were estimated from a 

constant 0.025 MN/m3 unit weight ratio between vertical stress and depth of cover, as 

suggested by numerous studies (Alehossein and Poulsen 2010; Yang et al. 2011; 
Suchowerska et al. 2013) .  
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Table 6.7 Field data collected by Lin et al. (2020) 

Literature  

Source 

Data 𝜎𝐻 

(MPa) 

𝜎ℎ 

(MPa) 

𝜎𝑣  

(MPa) 
𝐵𝑊𝑆 

(MPa) 

𝜃𝑏   

(˚) 

Zoback et al. 
(1985) 

1 34.1 15.7 23 52 37 

Leriche (2017) 2 72.60 37.95 35.70 102.2 42 

3 73.85 49.20 39.65 112 30 

4 67.09 49.49 41.21 136.94 42 

5 70.85 47.00 34.90 140 27 

Klee et al. (2011) 6 66.55 31.88 36.65 84 55.5 

Shen et al. (2002) 7 51.79 22.53 28.77 92.4 25 

8 57.82 26.35 32.12 92.4 51 

Shen (2008) 9 59.13 46.08 41.20 84 67 

 10 59.36 46.26 41.37 84 61.7 

 11 59.89 46.67 41.73 84 72 

 12 60.43 47.09 42.11 84 61 

 13 61.62 48.02 42.94 84 66.8 

 14 62.22 48.49 43.36 84 61.7 

 15 62.93 49.04 43.86 84 61.7 

 16 63.38 49.39 44.16 84 66.9 

 17 63.96 49.85 44.57 84 61.7 
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 18 65.17 50.79 45.41 84 61.7 

 19 65.36 50.94 45.55 84 72 

 20 65.69 51.20 45.78 84 72 

Walton et al. 
(2015) 

21 79.00 56.00 43.23 109.05 48 

Lin et al. (2020) 22 13.74 10.66 6.78 18.2 19.84 

23 10.15 7.39 6.90 17.61 14.17 

6.5.1 Estimation of 𝝈𝒉 

Figure 6.11a shows the prediction results, using the Artificial Neural Network model, 

on collected field data. Apart from Data 1, other estimations which have high 

discrepancy in 𝜎ℎ magnitudes from field measurements were for Data 9–20. This set of 

data also happened to be collected from one source (Shen 2008), where the depths of 

breakout data ranged from 3700 m to 4150 m. Given the deep locations of the data, it is 

likely that temperature may influence breakout geometries as high temperatures can 

result in change in rock mechanical properties (Yang et al. 2017). Although the 

difference in 𝜎ℎ magnitudes was relatively large in these data, the associated errors were 

still reasonable. Overall, the estimation yielded an average error rate of 15.88%.  

Considering that this approach does not require any ancillary equipment or additional 

cost, the error rate is acceptable. Because of the nature of the ANN model, it is possible 

to improve the reliability by providing additional training data. Detailed predictions on 

each data point are in Table 6.8. 
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Figure 6.11 a) 𝜎ℎ prediction by Artificial Neural Network against field measurements; 

b) 𝜎𝐻 prediction by Artificial Neural Network against field measurements 

 

a 

b 
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Table 6.8 Estimation results on 𝜎ℎ 

Data  𝜎ℎ (MPa) 
measured 

𝜎ℎ (MPa) 
estimated Error 

1 15.70 7.38 -52.99% 

2 37.95 40.17 5.85% 

3 49.20 51.08 3.82% 

4 49.49 50.12 1.26% 

5 47.00 48.17 2.49% 

6 31.88 28.22 -11.48% 

7 22.53 23.06 2.36% 

8 26.35 26.08 -1.01% 

9 46.08 34.54 -25.05% 

10 46.26 35.51 -23.25% 

11 46.67 34.66 -25.74% 

12 47.09 36.86 -21.73% 

13 48.02 37.39 -22.14% 

14 48.49 38.89 -19.80% 

15 49.04 39.73 -18.99% 

16 49.39 39.37 -20.29% 
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17 49.85 40.94 -17.86% 

18 50.79 42.34 -16.62% 

19 50.94 40.57 -20.36% 

20 51.20 40.93 -20.06% 

21 56.00 52.77 -5.77% 

22 10.66 7.90 -25.92% 

23 7.39 7.36 -0.43% 

  Average 15.88% 

6.5.2 Estimation of 𝝈𝑯 

As discussed earlier, the Mogi–Coulomb criterion provides the most reliable estimation 

of 𝜎𝐻  based on 79 laboratory data with given 𝜎ℎ . Thus, the same approach was 

implemented to estimate 𝜎𝐻  from field data from estimated 𝜎ℎ . As in-situ rock 

properties were not available in the field data, Poisson’s ratio (𝑣) and friction angle (𝜙) 

were assumed to be 0.2 and 35˚, respectively. Assumptions were reasonable as these 

values are common in the field. By substituting Eq. (6.1)–(6.3) into Eq. (6. 9) and 

solving for 𝜎𝐻, estimations can be obtained, as shown in Figure 6.11b. Table 6.9 shows 

the estimation error on each data value. The average error rate on 𝜎𝐻  was  6.82% 

through the Mogi–Coulomb approach, which is better than the Kriging approach 

presented by Lin et al. (2020) in an earlier study on the same dataset (8.4%). Another 

advantage of this approach over Kriging is that Mogi–Coulomb does not require 

breakout depth as an input parameter. As discussed by Schoenball et al. (2014), 

breakout depth exhibits creep behaviour and might not be a reliable parameter to use in 
horizontal stress estimation.  

On the other hand, the Stassi D’Alia criterion was also validated against field data. 

Since tensile strengths were not available, three 𝑈𝐶𝑆/𝑈𝑇𝑆 ratios were used in this 

analysis, including 8, 10 and 12. Average error rates on 𝜎𝐻  were calculated to be 
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13.13%, 14.07% and 14.81%, respectively, suggesting that Mogi–Coulomb provides 

higher accuracy compared to Stassi D’Alia on the given dataset.  

Table 6.9 Estimation results on 𝜎𝐻 

Data  𝜎𝐻 (MPa) 
measured 

𝜎𝐻 (MPa) 
estimated Error 

1 34.10 30.40 10.84% 

2 72.60 63.75 12.19% 

3 73.85 69.24 6.24% 

4 67.09 83.19 24.00% 

5 70.85 79.10 11.64% 

6 66.55 57.21 14.03% 

7 51.79 51.42 0.72% 

8 57.82 59.06 2.14% 

9 59.13 62.70 6.04% 

10 59.36 60.35 1.67% 

11 59.89 65.50 9.37% 

12 60.43 60.17 0.43% 

13 61.62 62.53 1.48% 

14 62.22 60.52 2.73% 

15 62.93 60.56 3.77% 
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16 63.38 62.51 1.37% 

17 63.96 60.61 5.24% 

18 65.17 60.67 6.90% 

19 65.36 64.76 0.92% 

20 65.69 64.71 1.49% 

21 79.00 71.69 9.26% 

22 13.74 11.08 19.39% 

23 10.15 10.65 4.89% 

  Average 6.82% 

In addition, an ANN model was also constructed based on the same experimental data 

to estimate 𝜎𝐻. Similar to the procedures in Section 6.4, the relationships between 𝜎𝐻 

and each individual parameter including their interaction terms were plotted, see Figure 

6.12. The interaction term, 𝜎𝑣 × 𝜃𝑏  (Figure 6.12d) showed lower 𝑅2  value than 𝜃𝑏  

(Figure 6.12), such that this parameter was excluded in ANN training. On the other 

hand, the other two parameters, 𝜎𝑣 × 𝐵𝑊𝑆  and 𝜃𝑏 × 𝐵𝑊𝑆  displayed improved 

correlations, as shown in Figure 6.12e–f, and were considered as input parameters for 

the ANN model.  

After the same model construction process, the optimised ANN model was used to 

predict 23 field data on 𝜎𝐻, as seen in Figure 6.13. The average error rate using the 

ANN model is 13.89%, which is not as accurate as the Mogi–Coulomb approach 

discussed above. However, more validation is expected to be conducted to further 

compare these approaches.   
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Figure 6.12 ANN trend analysis on 𝜎𝐻 with respect to different parameters 

6.5.3 Sensitivity analysis of friction angle and Poisson’s ratio 

The sensitivity of Mogi–Coulomb was examined against 𝜙 and 𝑣. Figure 6.14a displays 

the estimated 𝜎𝐻 values based on three 𝜙 values ranging from 30˚ to 40˚. It can be seen 

that the higher 𝜙 values led to increased σH magnitudes, although changes in 𝜎𝐻 values 

were insignificant. Overall, the average error rates of 30˚ and 40˚ friction angles on field 

𝑅2 = 0.45 𝑅2 = 0.53 

𝑅2 = 0.48 𝑅2 = 0.51 

𝑅2 = 0.58 𝑅2 = 0.7 

a b 

c d 

e f 



211 
 

data are 9.1% and 8.9%, respectively, which are slightly higher than for the 35˚ friction 

angle. The implication here is that 𝜙  values do not influence estimation results 

significantly, such that appropriate assumptions can be made in the field when the 
parameter is unknown.  

 

Figure 6.13 ANN estimation on 𝜎𝐻 

Figure 6.14b reveals that the calculated 𝜎𝐻 increased with increasing 𝑣 (from 0.15–0.25). 

However, this increment is minimal as the average rate of change is less than 1%. This 

is mainly because the magnitude of 𝑣  is nominal and it is only considered in the 

intermediate stress in Eq. (6.3). Therefore, the influence of 𝑣  can be neglected and 

simply assumed as 0.2 in field applications.  
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Figure 6.14 Sensitivity analysis on a) friction angle; b) Poisson’s ratio 

a 

b 
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6.6 DISCUSSION AND CONCLUSIONS 
This study presented experimental breakout data under various stress combinations. 

Results show that both 𝜎ℎ and 𝜎𝑣  influence breakout geometries, in which higher 𝜎ℎ 

and 𝜎𝑣 lead to narrower and shorter breakout geometries. It is noted that the influence 

of 𝜎ℎ is more significant than that of 𝜎𝑣 . The implication here is that 𝜎𝑣  should be 

considered during estimation of horizontal stress magnitudes.  

Since 𝜎𝐻 was able to be estimated from Kriging, the focus of this study was initially on 

the estimation of 𝜎ℎ. Analytical investigation of nine failure criteria using 𝜎𝐻, 𝜎𝑣, 𝜃𝑏  

and rock information was carried out against 79 laboratory data. Results revealed that 

𝜎ℎ  prediction values are sensitive to 𝜎𝐻 , so that it is not possible to estimate a 

reasonable value of 𝜎ℎ using 𝜎𝐻 and rock information. Instead, estimation of 𝜎𝐻 from 

given 𝜎ℎ  is viable through Mogi–Coulomb and Stassi D’Alia failure criteria, which 

yielded 22.69% and 22.75% average error rates on 79 laboratory data points, 

respectively. Five data points (Data 35–39) with 𝜃𝑏  over 90˚ produced high level errors 

in both criteria. In field conditions, it is rare to encounter 𝜃𝑏  that is greater than 90˚, and 

therefore these five data points were excluded. After excluding these data, the average 

error rates of Mogi–Coulomb and Stassi D’Alia on 𝜎𝐻  improved to 13.37% and 

13.74%.  

To overcome difficulties and to estimate both horizontal stress magnitudes from 

borehole breakout data only, an ANN model was proposed based on the 79 laboratory 

data to estimate 𝜎ℎ . The model was optimised based on a training, validation and 

testing process. Based on an independent validation against 23 field data, it was found 

that the ANN model produced a 15.88% average error rate on 𝜎ℎ.  

Since 𝜎ℎ can be estimated from the ANN model, 𝜎𝐻 prediction using borehole breakout 

was also conducted on 23 field data points using the three approaches of Mogi–

Coulomb, Stassi D’Alia and ANN to compare to the Kriging technique. Results showed 

that Mogi–Coulomb provided the most reliable estimation, with an average error rate of 

6.82% whereas Stassi D’Alia provided higher error rates ranging from 13.13% to 14.81% 

on 𝜎𝐻  with different 𝑈𝐶𝑆/𝑈𝑇𝑆  ratios (8–12). Although Kriging also produced a 

competitive accuracy of 8.4%, it was not as favourable as Mogi–Coulomb because 

Kriging used breakout depth as an input parameter and this parameter is subject to a 
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rock creep phenomenon which might influence the prediction results. Consideration of 

this parameter may therefore cause a misleading estimation due to its time-dependent 

behaviour. Estimation of 𝜎𝐻  using 𝜃𝑏 , 𝐵𝑊𝑆, 𝜎𝑣  and two interaction terms was also 

carried out and exhibited a higher error rate of 13.89% on the same dataset. In addition, 

a sensitivity analysis on Mogi–Coulomb suggested that assumptions on 𝜙 and 𝑣  are 

reasonable. This indicates that the Mogi–Coulomb approach for horizontal stress 

estimation from borehole breakout data is reliable.  

Overall, the proposed ‘ANN’-‘Mogi-Coulomb’ method provided an innovative 

approach to horizontal stress magnitude estimation via borehole breakout. Although the 

error of 𝜎ℎ  was only acceptable, the technique provides a number of competitive 

advantages over commonly used techniques including hydraulic fracturing and 

overcoring. Firstly, hydraulic fracturing and overcoring require the borehole wall at the 

measurement point to be elastic; this is difficult in weak layers where rock experiences 

high stress concentrations and these layers are important to be considered. Further, in 

higher stress, brittle rock conditions, stress fracturing around and ahead of the borehole 

will affect overcoring measurement results. The borehole breakout phenomenon is 

usually observed in these locations and can be used to estimate horizontal stress 

magnitudes. Secondly, 𝜎𝐻 estimation from borehole breakout presented very promising 

results on field data. Thirdly, this approach can produce a stress profile along the 

borehole if breakout exists in multiple layers, whereas hydraulic fracturing and 

overcoring only provide measurements at required depths. Lastly, and most importantly, 

borehole breakout data can be easily accessed as borehole imaging is compulsory in 

many countries. This means the approach can theoretically provide horizontal 

estimation at “no” cost compared to traditional stress measurement techniques. 
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7 APPLICABILITY OF THE DEVELOPED 
MODELS TO FIELD CASES: ADDITIONAL DATA 
COLLECTION AND VALIDATION 

Chapter 6 presented a newly proposed technique to estimate horizontal stress 

magnitudes based on borehole breakout data. This approach is a combination of an 

Artificial Neural Network (ANN) and a constitutive relationship (the Mogi–Coulomb 

failure criterion), in which the minimum horizontal stress (𝜎ℎ) is estimated from the 

ANN model and the maximum horizontal stress (𝜎𝐻 ) is calculated subsequently. A 

comparison between various proposed models (Kriging, ANN and constitutive 

relationship) on predicting 𝜎𝐻 was also discussed in the previous chapter. The accuracy 

of these models was examined against 23 field data from the literature and mine site A. 

The comparison results revealed that the constitutive relationship yielded the most 

reliable estimations on 𝜎𝐻 , with an average error rate of 6.82%. However, further 

comparison between these methods is necessary since both the ANN and Kriging 

models also had acceptable error rates on the same field data, at 8.4% and 13.89% 

respectively. 

In this chapter, downhole logging data from the field is provided from four underground 

coal mines in eastern Australia (mine sites A–D). In field conditions, borehole breakout 

geometries cannot be directly obtained and numerous processing steps are required. 

Section 7.1 presents procedures to identify and extract breakout occurrences and 

geometries from the Borehole Televiewer (BHTV). Then, the estimation of rock 

strengths at breakout locations from sonic velocity data or cored samples is discussed. 

Since the horizontal stress magnitudes are required for the validation of models, stress 

measurement reports at nearby depths of breakouts are also used. Where horizontal 

stress measurements are not available, the stress maps in the mining regions constructed 

by Hillis et al. (1999) are used as the reference for the local stress environment.   

Section 7.2 discusses the locations of mine sites and compares the models against the 

data processed in Section 7.1. As the data from mine site A has been used in Chapter 4 

and Chapter 6, only the datasets collected from the other three sites are used here (mine 

sites B–D). The most reliable model for 𝜎𝐻 prediction will be determined based on the 

examinations in Chapter 6 and in this section. In addition, the ANN model on 𝜎ℎ 
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estimation is also tested using the field data. Overall, this chapter provides further 

validation of the proposed model in Chapter 6 and examines its applicability to 

underground mines in different regions.  

7.1 DATA COLLECTION AND PROCESSING 
With the development of the BHTV (Zemanek et al. 1969), the conditions of rock 

around the borehole can be visually inspected and evaluated. This revolutionary 

technique has also enabled the confirmation of alignments between horizontal stress 

orientations and breakout depths, which was not clear using four-armed calliper data 

(Plumb and Hickman 1985). As the BHTV can provide images of fractures at the 

borehole wall and the raw data can be converted to digitised form, it is also capable of 

identifying and extracting borehole breakout data. Based on the travel time of elastic 

waves through the formation from the BHTV, breakout shapes and geometries can be 

computed at various depths (Broding 1981; Zoback et al. 1985; Walton et al. 2015; 
Leriche 2017). 

This section first provides the procedures for breakout identification and extraction from 

travel time data. Then, the rock strength calculation at the breakout location and 

horizontal stress measurements are presented.  

7.1.1 Breakout identification 

The BHTV is an acoustic logging tool that provides an image of the surrounding rock in 

the scanning borehole along the depth at 360˚. It was initially implemented in the 

petroleum industry for observation of the borehole environment (Zemanek et al. 1969). 

The BHTV uses a transducer to transmit the acoustic pulse to the borehole and records 

amplitude and travel time of the wave once it reflects back to the device. The data is 

then processed into image format, which can be displayed as unfolded boreholes. 

Depending on the equipment type (e.g. Schlumberger and Mount Sopris Instruments), 

the number of scans per unit length can also vary. The data provided by mine sites has 

different scanning frequency, ranging from 2 to 5 mm per record. The intervals between 

measurement points at the same level during each scan are also different between mine 

sites, ranging from 1.4˚ to 2.5˚. 

To identify borehole breakouts, the travel time data of acoustic pulses from the BHTV 

is used (Zoback et al. 1985; Tingay et al. 2008; Walton et al. 2015; LeRiche et al. 
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2017). In this study, the BHTV data is visualised in WellCAD software developed by 

Advanced Logic Technology (ALT). If the borehole wall is relatively intact with no 

observable fractures, the time required for an elastic wave travelling from the transducer 

to the borehole and reflecting back to the transducer should be similar, see Figure 7.1a. 

On the other hand, the travel time required when encountering borehole breakouts 

should be significantly longer since additional travel distance has been created by the 

formation of V-shaped voids (Faraguna et al. 1989; Zemanek et al. 1990). Hence, 

breakouts can be identified as the increased travel time at opposite sides of the borehole 

from BHTV data (Tingay et al. 2008), as shown in Figure 7.1b. 

 

Figure 7.1 a) Travel time data from 324 m to 330.6 m in a borehole provided by mine 

site B, b) Travel time data from 312.4 m to 319 m in the same borehole, where the 

yellow colour indicates borehole breakout. 

Although the travel time data distinguishes the borehole breakout areas from an un-

fractured borehole wall based on the colour difference, it is still difficult to visually 

312.4 m 

319 m 

1250 μs 2200 μs 

a b 
0˚ 360˚ 0˚ 360˚ 180˚ 180˚ 

324 m 

330.6 m 

Breakout 
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observe the borehole breakout. To provide a clear image of breakout, the ‘cross-section’ 

view function of WellCAD was used. Based on the function, the borehole breakout 

shape at 316 m in Figure 7.1b was extracted and shown in Figure 7.2. The figure shows 

that the breakout shape at this level is a ‘V-shaped’ breakout, which occurred 

symmetrically at the angles approximately between 85˚–127˚ and 265˚–290˚. As the 

travel time data is indicative of the distance from the transducer to the rock surface 

around the borehole, it can also represent the borehole radius and breakout depth. Figure 

7.2 shows that the borehole radius and breakout depth require approximate travel time 

of 1750 μs and 1900 μs, respectively. Therefore, based on the combination of unfolded 

and cross-sectional views of the borehole, the breakout occurrence can be confirmed at 

this location.  

 

Figure 7.2 A ‘cross-section’ view of the borehole at 316 m depth 

Once the borehole is drilled, the stress re-distribution can be influenced by the existence 

of discontinuities including fissures and joints, which may in turn impact the breakout 

geometries and orientations (Maloney and Kaiser 1989). This can lead to 

misinterpretation of the local stress field estimated from borehole breakouts (Kwong 

and Kaiser 1989). For instance, breakout features can be disturbed by the foliation or 

bedding plane that is parallel to the borehole axis (Duan and Kwok 2016; LeRiche et al. 

2017). To mitigate this uncertainty, it is important to select borehole breakouts that do 

not intersect with these discontinuities (Leriche 2017). Another selection criterion is to 

distinguish borehole breakouts from other borehole failures, such as washouts and key 

seats. A washout is 360˚ borehole enlargement due to the instability of surrounding rock 

when the mud weight is not sufficient to stabilise the borehole (Zoback 2010; 
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Mansourizadeh et al. 2016). Figure 7.3a shows a typical washout. As suggested by 

Zoback (2010), if the initial breakout angular span is over 120˚, the borehole is likely to 

be unstable and consequently results in washouts. For this reason, field data 

observations with breakouts under such conditions were excluded. On the other hand, 

key seats are a groove at the borehole, as displayed in Figure 7.3b. Unlike breakouts or 

washouts, the formation of this phenomenon is not related to stress but due to the 

artefact of drilling pipe rotation (Etchecopar et al. 2013). Thus, the existence of key 
seats is not informative for stress magnitudes and can also be excluded.  

 

Figure 7.3 a) Borehole washout; b) key seat (Zoback 2010) 

Since the purpose of this chapter is to validate the proposed models, the breakout data 

collected from mine sites should have corresponding horizontal stress magnitudes for 

direct comparison. However, only a limited number of breakout data observations met 

this criterion. For mine sites A and D, five breakout data points were selected in total as 

they have stress measurements available at the nearby depths. In contrast, mine sites B 

and C did not have stress measurement reports at the breakout locations. To effectively 

use the data collected from these mine sites, local stress maps in the regions were used 
for validation (Hillis et al. 1999). 

7.1.2 Breakout geometrical extraction 

Once the breakout was identified from the travel time data, the next step was to extract 

its geometries. Breakout angular span is relatively simple to measure. In WellCAD, this 

measurement was achieved directly by inserting ‘breakout log’. The log function allows 

users to define the breakout areas (yellow areas in Figure 7.1b) on the travel time image 

a b 
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and estimates the ‘widths’ (angles) of these areas. The average angle of two sides was 

taken and used as the final breakout angular span, which is 44.5˚. Then, the length of 

breakout along the borehole axis can also be obtained from this log, which is 5 m. This 

was later used for breakout depth extraction. Since each measurement point was taken at 

1.4˚–2.5˚ intervals at different mine sites, the breakout angle between the intervals 

cannot be captured. This might result in minor underestimations of breakout angular 

span measurements, which can be neglected during horizontal stress estimation.  

Measurement of breakout depth is rather complicated and requires multiple steps. Since 

the travel time data was displayed in the form of an image using WellCAD, it was not 

possible to derive the breakout depth directly. To conduct the depth measurement, it 

was essential to convert the image data to digitised data. The travel time data was 

initially exported from WellCAD to Excel, so that the travel time at each borehole angle 

and depth could be presented. For instance, a total number of 180 data points ( 2˚ 

interval) can be collected per 2 mm depth at mine site B. This means, over a 1 m 

borehole breakout length along the borehole axis, there are 500 sets of data to analyse.  

 

Figure 7.4 Digitised travel time data of Figure 7.2 

Since every set of data has same number of data points, the extraction process can be 

semi-automated. Hence, the next step was to extract breakout depth from a single 

Breakout 
depths 
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dataset. Figure 7.4 shows the digitised travel time data at each angle of the cross-

sectional area in Figure 7.2 after processing using Excel. It can be seen that the travel 

time outside the bounded areas is approximately the same (1750 μs), indicating that the 

borehole wall at these orientations is competent and not fractured. Conversely, the travel 

time within the areas continuously increases until the peak points, then decreases back 

to 1750 μs travel time. These areas can be classified as breakout regions and the peak 

points can be referred to as the breakout depths at this level. Breakout depths at every 2 

mm interval were then calculated along the 5 m breakout length, as measured earlier. 

Consequently, the final breakout depth was estimated at 2030 μs based on the average 

of breakout depths at each level.  

Although the breakout depth was able to be derived from the digitised data, it still did 

not represent the actual elongation length but the time required for the acoustic wave to 

travel to the breakout tip and reflect back to the transducer. As discussed in previous 

chapters, this parameter is usually normalised by the borehole radius, i.e. breakout 

depth/borehole radius. Hence, the normalised breakout depth can be estimated as long 

as the travel time of the borehole radius is available.  

To determine the travel time of the borehole radius, the appropriate sections of the 

borehole should be selected. To precisely calculate the borehole radius, the borehole 

wall should be relatively intact so that the travel time data is not disturbed. When the 

borehole section does not contain any fractures, the travel time around the borehole at 

the same level is supposed to be similar. Based on the selection condition, two sections 

were chosen between 310.4–310.9 m and 320–320.5 m in Figure 7.5, which were above 

and below the identified breakout regions. The travel time data in these regions was 

then interpreted in Excel using the same approach above and the average value was 

obtained. Hence, the travel time of the borehole radius for this particular breakout was 

estimated as 1753 μs. Subsequently, the normalised breakout depth can be calculated as 

1.16.  

The use of travel time for the computation of borehole radius was more favourable than 

for the actual length. This is because the drilling process itself involves some 

uncertainties as the diameter of the borehole is usually greater than the drill bit 

(Hickman et al. 1984). The indication here is that the drill bit size may not be truly 

representative of the borehole diameter. This error can result in significantly shorter 
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normalised breakout depth, which will in turn lead to unreliable horizontal stress 

estimation results. Therefore, calculation from travel time can provide more reliable 

breakout depth measurements.  

The same procedures were repeated on the other breakout data to extract their geometric 

attributes. The extracted data is presented in Table 7.1. 

 

Figure 7.5 Travel time data from 310.4 m to 320.5 m in the same borehole from Figure 

7.1b, where the yellow colour indicates borehole breakout 

 

1250 μs 

2200 μs 

310.4 m 

320.5 m 

310.9 m 

320 m 
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7.1.3 Rock strength estimation 

Uniaxial compressive strength (𝑈𝐶𝑆) is a critical parameter that should be considered 

during breakout analysis (Haimson and Herrick 1986; Barton et al. 1988). In theory, a 

higher 𝑈𝐶𝑆 value will result in narrower and shallower borehole breakouts under the 

same stress levels. In field conditions, cored samples are not always available at various 

borehole depths, such that the magnitudes of 𝑈𝐶𝑆 may not be directly provided in many 

breakout locations. To overcome this limitation and make effective use of the downhole 

logging data, the empirical relationship between  𝑈𝐶𝑆  and sonic velocity has been 

introduced to represent in-situ rock strengths. To date, the empirical relationship is 

implemented extensively in both mining and petroleum engineering (Chang et al. 2006; 

Chang et al. 2010; Azimian et al. 2014). Therefore, this methodology was applied at 

mine sites A–C where the cored samples were not available. 

Sonic log is one type of geophysical log which emits the sound waves travelling from 

the device into the rock formation and returning back to the source. Its data, sonic 

velocity, is usually recorded as the travelling speed (e.g. VL2F) or travel time (e.g. 

MC2F) of the wave during this cycle (MacGregor 2003). Sonic velocity data provided 

from the mine sites was saved in ‘LAS’ files, which had to be imported and processed 

via Excel. Similar to the process of extracting breakout depth, the sonic velocity of a 

breakout section was calculated by averaging the sonic velocity data within the breakout 

length. As suggested in Chapters 4 and 6, the borehole wall strength (𝐵𝑊𝑆) should be 

used to represent the in-situ rock strength rather than 𝑈𝐶𝑆 and this parameter can be 

estimated from sonic velocity or 𝑈𝐶𝑆. Based on the empirical equations provided by 

mine sites A–C, the corresponding 𝐵𝑊𝑆 values can be converted from sonic velocity, 

i.e. 

𝑩𝑾𝑺 = 𝟑. 𝟔𝟖𝟗𝐞𝐱𝐩 (𝟎. 𝟎𝟎𝟎𝟔𝟖𝟒 × 𝑽𝑳𝟐𝑭) – mine site A (7.1) 

𝑩𝑾𝑺 = 𝟖𝟗𝟕. 𝟕𝟓𝐞𝐱𝐩 (−𝟎. 𝟎𝟑𝟕 × 𝑴𝑪𝟐𝑭) – mine site B (7.2) 

𝑩𝑾𝑺 = 𝟐. 𝟕𝟗𝟗𝟔𝐞𝐱𝐩 (𝟎. 𝟎𝟎𝟎𝟖 × 𝑽𝑳𝟐𝑭) – mine site C (7.3) 
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Rock strengths at mine site D were provided directly. According to the mine site, the 

𝑈𝐶𝑆 values were estimated from the point load tests since the sonic velocity data was 

not available and the following equation was used for the conversion: 

𝑼𝑪𝑺 = 𝟐𝟏 × 𝑭 × 𝑷 × 𝟏𝟎𝟎𝟎/𝑫𝒆
𝟐 – mine site D (7.4) 

𝐹 = size correction factor = 1.12, 𝑃 = point failure load (kN) and 𝐷𝑒
2 = 4A/𝜋. Mo (2019) 

analysed the rock strength data at the same mine site and suggested that the 𝑈𝐶𝑆 values 

estimated from the point load index tests should be downgraded with a factor of 0.58 to 

represent 𝐵𝑊𝑆 (Galvin 2016). Thus, this factor was also used in this thesis to estimate 

the in-situ rock strengths at mine site D.  

There are also other parameters that should be considered in the ANN model on 𝜎ℎ, 

including Poisson’s ratio (𝑣) and friction angle (𝜙). However, these parameters were 

not collected as there were no cored samples at the required locations. Based on the 

sensitivity analysis of the 𝑣 and 𝜙 on 𝜎ℎ prediction results in Chapter 6, it can be seen 

that the influences of the two parameters are not significant. Therefore, the values of 𝑣 

and 𝜙 were assumed to be 0.2 and 35˚, which were justified as reasonable assumptions 

in Chapter 6. Overall, the 𝑈𝐶𝑆 values estimated for all mine sites are summarised in 

Table 7.1. 

7.1.4 Summary of data  

Based on the procedures described, breakout geometries and rock strength data at the 

mine sites were extracted. Since the data from mine site A has already been shown and 

discussed in Chapters 4 and 6, only the data from mine sites B–D is presented in this 

section. Similar to Chapter 6, the vertical stress (𝜎𝑣) was estimated using the unit weight 

of overburden, which is 0.025 MN/m3 (Alehossein and Poulsen 2010; Suchowerska et al. 

2013; Yang et al. 2011). 

A summary of data is provided in Table 7.1. It is noted that some travel time data files 

provided by mine sites C and D were corrupted, such that the data could not be exported 

to Excel. This means the Kriging model cannot be examined against these data due to 

lack of breakout depths, but the data can still be used for other models. As mentioned in 

Section 7.1.1, there are stress measurement reports available at mine site D near the 

breakout occurrence depths and these data points are presented in Table 7.2. 
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Table 7.1 Breakout data collected from mine sites B–D 

Site Dat

a 

Breakout 

length (m) 

Normalised 

breakout 

depth (𝐿/𝑅) 

Breakout 

angular 

span, 𝜃𝑏  

(˚) 

𝐵𝑊𝑆 
(MPa) 

𝜎𝑣 

(MPa)   

Mine site B 1 179.4–180.9 1.05 25.8 33.53 4.50 

 2 219.3–219.6 1.04 40.2 20.80 5.49 

 3 243–243.6 1.01 18.6 33.98 6.08 

 4 245.8–246.1 1.05 36.1 21.88 6.15 

 5 275.1–275.6 1.04 38.4 24.71 6.88 

 6 298.7–299.9 1.02 24.7 22.20 7.48 

 7 313.1–318.1 1.16 44.5 5.68 7.89 

 8 327.1–327.4 1.05 32 32.86 8.18 

 9 331.9–332.4 1.04 33.5 31.02 8.30 

Mine site C 1 375.6–379.1 1.16 47.7 26.7 9.43 

 2 473.2–473.6 1.04 28.5 35.1 11.83 

 3 537.5–537.7 1.04 48.8 32.9 13.44 

 4 542.7–542.9 N/A 40.5 26.1 13.57 

 5 556.1–556.5 1.08 51.8 33.5 13.91 

 6 562.7–563 1.02 79.8 25.5 14.07 

 7 563.8–564 1.12 73.2 27.2 14.10 
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 8 564.1–564.1 N/A 60.4 26.1 14.11 

 9 567.7–568.3 N/A 56.9 28.3 14.20 

 10 590.2–590.6 N/A 45.3 39.2 14.76 

 11 649.2–650 1.15 57.7 28.1 16.24 

 12 674.2–675 1.28 65.5 37.8 16.87 

Mine site D 1 263.6–263.8 N/A 37.17 18.59 6.59 

 2 318.7–319.2 N/A 41.09 20.1 7.97 

 3 350.4–350.8 N/A 46.95 24.65 8.77 

Table 7.2 Horizontal stress measurements at mine site D corresponding to the breakout 

data 

Site Data Measurement 

depth (m) 
𝜎𝐻 (MPa) 𝜎ℎ (MPa) 

Mine site D 1 261.6 13.8 10.7 

 2 307.2 11 9.7 

 3 353.2 14.6 12.4 

7.2 VALIDATION AGAINST PROPOSED MODEL 
This section presents the validation against the proposed models in Chapter 6 using the 

field data collected in Section 7.1. Since the field data from mine site A has already 

been used in Chapters 4 and 6, it is not discussed here. Based on the validation results, a 

further comparison between proposed models on 𝜎𝐻 estimation is provided. In addition, 

the reliability of the ANN model on 𝜎ℎ prediction is also examined in this section.  



227 
 

7.2.1 Mine site B 

Mine site B is an underground coking coal mine located in the Northern Bowen Basin 

Queensland, Australia. Based on the selection criteria, nine breakout data points were 

identified and processed, ranging from 179.4 m to 332.4 m depths of cover. Since the 

mine site does not have any stress measurement reports available, the local stress map 

constructed by Hillis et al. (1999) is used for prediction validation.  

 

Figure 7.6 Prediction results on mine site B, red symbols represent the historical stress 

measurements in the region summarised by Hillis et al. (1999) 

Figure 7.6 presents the estimation results on mine site B as well as the historical stress 

measurement results in the region from the local stress map (Hillis et al. 1999). 

According to the figure, it is clear that the Mogi–Coulomb approach provided the 

closest prediction on 𝜎𝐻 against the historical data, whereas the ANN model had worse 

predictions on 𝜎𝐻 than the Mogi–Coulomb, which agrees with Chapter 6. The Kriging 

model provided overestimation on 𝜎𝐻 as its prediction results yielded the highest values 

among the three models. It is noted that for data 7, there was significant underestimation 

of 𝜎𝐻 produced by the Mogi–Coulomb and the ANN models, in which the magnitude of 
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𝜎𝐻 was even lower than that of 𝜎ℎ. This is because of its extremely low 𝐵𝑊𝑆 value 

(5.68 MPa). As the 𝐵𝑊𝑆 value was estimated using the empirical relationship, there 

might be inevitable errors in the equation (Chang et al. 2006). The surrounding rock is 

likely to be unstable and results in washout with such low rock strength at 300 m deep, 

instead of forming a borehole breakout. Therefore, the results from data 7 were ignored.   

Based on the estimation results, it can also be seen that the ANN model yielded 

reasonable 𝜎ℎ values. This indicates that the ANN model might be considered as an 

estimation technique for 𝜎ℎ . Overall, the proposed ‘ANN’–‘Mogi–Coulomb’ method 

presented the most reliable prediction results against mine site B data, which is 

consistent with the conclusion drawn from Chapter 6. 

Table 7.3 Prediction results on mine site B 

Data Kriging on 𝜎𝐻 

(MPa) 

ANN on 𝜎𝐻 

(MPa) 

Mogi–Coulomb 

on 𝜎𝐻 (MPa) 

ANN on 𝜎ℎ 

(MPa) 

1 18.84 21.28 16.73 6.66 

2 18.11 16.38 12.68 10.14 

3 15.43 18.10 16.90 5.92 

4 17.15 14.72 13.16 9.42 

5 19.49 15.13 14.73 9.39 

6 12.56 12.42 13.03 7.95 

7 14.97 7.28 5.44 13.65 

8 20.73 14.32 18.07 7.54 

9 20.32 12.92 17.46 7.95 

7.2.2 Mine site C 

Mine site C is an underground coking coal mine located in the Sydney–Wollongong 

Basin, New South Wales, Australia. It is currently operating at 650 m depth of cover 

and it is planned to extend the operation to deeper locations. Based on the selection 

process, there were 12 borehole breakout data points identified and extracted, from 

375.6 m to 675 m. The mine site has two horizontal stress measurements from 
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overcoring at 750 m. Due to the depth differences between stress measurements and 

breakouts, overcoring results were only used as referencing points. As discussed in 

Section 7.1.4, some of the travel time data files provided by the mine site were 

corrupted such that breakout depths could not be extracted. Therefore, the Kriging 

model was only validated against the other eight data points. 

Figure 7.7 presents the estimation results using the proposed models. Similar to mine 

site B, it can be seen that the Kriging model overestimated the magnitudes of 𝜎𝐻. Based 

on the figure, the Mogi–Coulomb approach again had the best alignment with the 

historical measurements in the region, whereas the ANN model yielded higher 𝜎𝐻 

predictions on the data. This further confirms the reliability of the Mogi–Coulomb 

approach. Table 7.4 summarises the prediction results. Figure 7.7 also shows that the 

ANN model produced slightly lower estimations on 𝜎ℎ than the historical data, although 

the differences are not significant. Thus, this model on 𝜎ℎ  prediction requires more 

validation.  

 

Figure 7.7 Prediction results on mine site C, red symbols represent the historical stress 

measurements in the region summarised by Hillis et al. (1999)  
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Table 7.4 Prediction results on mine site C 

Data Kriging on 𝜎𝐻 

(MPa) 

ANN on 𝜎𝐻 

(MPa) 

Mogi–Coulomb 

on 𝜎𝐻 (MPa) 

ANN on 𝜎ℎ 

(MPa) 

1 26.91 23.48 17.05 10.75 

2 20.27 24.38 19.55 7.05 

3 26.61 25.93 21.30 10.45 

4 N/A 23.35 16.98 10.07 

5 28.18 26.53 22.14 10.94 

6 35.59 29.43 18.71 17.03 

7 37.66 28.61 20.23 15.72 

8 N/A 25.92 18.72 13.57 

9 N/A 26.01 19.83 12.62 

10 N/A 27.52 24.27 9.22 

11 32.20 26.27 20.08 13.03 

12 39.90 30.08 27.82 13.28 

7.2.3 Mine site D 

Mine site D is an underground thermal coal located in the Central Coast, New South 

Wales, Australia. Based on the selection criteria, three borehole breakout data points 

were chosen with corresponding horizontal stress measurements at nearby depths. The 

breakout locations are from 263.6 m to 350.8 m. Since the travel time data files were 

damaged, borehole breakout depths could not be extracted.  

Figure 7.8 shows the prediction of 𝜎𝐻 using the ANN and the Mogi–Coulomb models 

based on 23 field data points from Chapter 4 and three data points, 24–26, from mine 

site D. Results revealed that the Mogi–Coulomb approach yielded an average error rate 

of 7.62%. Although there is slight increase in the error rate compared to that in Chapter 

6, the model still provided accurate 𝜎𝐻 values. On the other hand, the average error rate 

of the ANN model against the same dataset is 19.03%; it also increased from the value 

of 13.89% obtained in Chapter 6. Therefore, the error rate of the ANN model is 



231 
 

considerably higher than that of the Mogi–Coulomb model. This agrees with the 

previous comparisons, suggesting that the Mogi–Coulomb model is the most reliable 

technique for 𝜎𝐻 estimation. 

 

Figure 7.8 Prediction of 𝜎𝐻 on mine site D and field data from Chapter 4  

The ANN model on 𝜎ℎ prediction was also examined against the same dataset, as shown 

in Figure 7.9. Based on the results, the average error rate decreased from 15.88% in 

Chapter 6 to 15.05% in this section. The implication here is that this approach is capable 

of providing reasonable estimations on 𝜎ℎ in different field cases. 
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Figure 7.9 Prediction of 𝜎ℎ on mine site D and field data from Chapter 4  

Table 7.5 summarises the prediction results based on each individual model. From the 

table, it is clear that the estimation of 𝜎𝐻 using the ANN model yielded substantially 

higher magnitudes compared to the Mogi–Coulomb approach as well as the 

corresponding horizontal stress measurements. 

Table 7.5 Prediction results on mine site D 

Data ANN on 𝜎𝐻 

(MPa) 

Mogi–Coulomb 

on 𝜎𝐻 (MPa) 

ANN on 𝜎ℎ 

(MPa) 

1 18.9 11.9 10.1 

2 20.2 13.1 10.5 

3 22.5 15.8 10.9 
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7.3 CONCLUSIONS 
This chapter provided the procedures to extract breakout information from downhole 

logging data. The process involves identifying breakout occurrences, extracting the 

breakout geometries from the travel time data, and estimating rock strength using sonic 

log or point load tests. The corresponding horizontal stress magnitudes for each 

breakout data point were either provided by the mine sites or obtained from historical 

stress measurements in the region. 

Based on the extracted breakouts from mine sites B–C, a further evaluation on models 

proposed in Chapter 6 was carried out. The comparison between three models on 𝜎𝐻 

prediction revealed that the Mogi–Coulomb approach provided the most reliable results, 

whereas the ANN and Kriging models tend to overestimate the magnitudes of 𝜎𝐻. The 

reliability of the ANN model for 𝜎ℎ was also examined. The validation shows that the 

predictions using the ANN model are also in line with the historical measurements, 

suggesting this model is capable of estimating 𝜎ℎ. It is noted that the Kriging model was 

not examined against all field data due to data file corruption and the horizontal stresses 

were from the local stress map rather than the measurements at the mine sites. Hence, 

more field data is required for direct comparisons in the future.  

The evaluation of models was also conducted using data from mine site D, where direct 

stress measurements are available. By combining the data from Chapter 6 and this 

chapter, the average error rates of the proposed ‘ANN–‘Mogi–Coulomb’ model were 

15.05% and 7.62% on 𝜎ℎ and 𝜎𝐻, respectively; whereas the average error rate of the 

ANN model on 𝜎𝐻 against the same dataset is 19.03%. This confirms that the proposed 

technique is reliable and applicable to multiple field cases.  
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8 CONCLUSIONS AND RECOMMENDATIONS 
The magnitude and orientation of horizontal stresses is one of the most, if not the most, 

important consideration in the layout and support designs for underground excavations. 

Due to the increasing depth of cover of mining activities, there is a greater need to 

obtain reliable horizontal stress magnitudes. However, the conventional estimation 

methods of hydraulic fracturing and overcoring, struggle to reliably predict horizontal 

stress magnitudes at these locations at reasonable cost, particularly in weak strata where 

the rock is likely to be fractured. A new accurate horizontal stress magnitude estimation 

method is therefore crucial for support design and to minimise production delays due to 

unexpected rock fall while maintaining the safety of the workforce. 

To overcome the limitations of existing stress measurement methods, this study 

proposed a new estimation technique of horizontal stress magnitudes based on freely 

accessible borehole breakout data. The technique was developed by a combination of 

research methods, including experimental studies, numerical simulation, machine 

learning and constitutive modelling. The back analysis using field data revealed that the 

proposed approach is capable of providing reliable predictions against other horizontal 

stress measurement data at no cost, which is of great value to the mining and petroleum 

industries. 

The conclusions and contributions of each chapter are outlined in Section 8.1, and 

recommendations for future research directions are discussed in Section 8.2. 

8.1 CONCLUSIONS AND CONTRIBUTIONS OF THE RESEARCH 

8.1.1 Experimental study on borehole breakout and borehole size effect 

To closely simulate the true triaxial stress conditions in the field, specially designed 

laboratory equipment, the UNSW variable confinement cell, was used to conduct 

breakout tests. Experimental results revealed that the larger and deeper breakouts were 

observed under a higher horizontal stress ratio (higher 𝜎𝐻), confirming that they can be 

used for horizontal stress estimation.  

One of the major limitations that prevents the estimation of both horizontal stress 

magnitudes from borehole breakout data is the absence of a secondary breakout 

parameter, i.e. breakout depth. This is based on the belief that there is a unique 
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relationship between breakout geometries and this relationship is insensitive to the 

change in horizontal stress magnitudes (Haimson and Herrick 1989; Haimson et al. 

1991; Haimson and Song 1993; Herrick and Haimson 1994; Haimson and Lee 2004; 

Lee and Haimson 2006; Sahara et al. 2017). However, this conclusion was drawn from 

experimental observations and lacks theoretical support. An in-depth investigation of 

breakout geometries based on the famous model proposed by Barton et al. (1988) and 

existing laboratory data showed that the relationship between the two breakout 

geometries is in fact not unique and is heavily influenced by horizontal stress 

magnitudes. Therefore, the findings here suggest it is viable to derive two horizontal 

stress magnitudes solely from borehole breakout data.   

It was also noticed that the breakout geometries not only varied with the horizontal 

stress magnitudes, but were also influenced by the size of borehole, such that a larger 

borehole radius (borehole size) resulted in greater breakout geometries under the same 

stress condition. This phenomenon is the so-called ‘borehole size effect’.However, 

previous studies (Haimson and Herrick 1989; Carter 1992) on the topic used a constant 

borehole–specimen ratio (1:5) rather than a constant specimen dimension. This might 

impact the rock strength of the specimen due to the scale effect, so that the borehole size 

effect may not be explicitly studied.  

Two series of normal compression tests (constant borehole–specimen ratio and constant 

specimen size) at various borehole sizes were proposed to examine the influence of 

specimen dimension. Results produced under both constant ratio and constant size were 

similar. Hence, the experimental results from previous studies are valid and therefore 

can be used for further breakout study. In addition, this chapter also compared a number 

of approaches to estimate the breakout initiation stress. The comparative analysis 

showed that the stress averaging concept was not reliable even considering the effect of 

radial stress. On the other hand, the linear fracture initiation criterion produced the most 

accurate results given the validity of the pressure-dependent linear elastic model, 

although its parameters are dubious and difficult to obtain. An empirical relationship, 

derived from data in the literature under normal compression tests, also showed 

promising results in estimating breakout initiation stress. Due to its simplicity and 
reliability, it was considered for later studies.   
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8.1.2 Estimation of maximum horizontal stress magnitude from Kriging 

As breakout depth is a more complex parameter than the angular span due to its 

sophisticated formation mechanism, a machine learning-based meta-modelling 

technique, i.e. Kriging, was implemented to estimate 𝜎𝐻 . Based on the analysis of 

existing laboratory data, three input parameters were determined: normalised breakout 

depth, breakout angular span and borehole wall strength. The model was generated 

based on the deterministic mean function and a stationary Gaussian process function 

derived from 106 data points from published experimental studies. To examine its 

reliability, a leave-one-out cross validation process was conducted against the published 

experimental results. The Kriging prediction yielded an average error rate of 10.59% on 

𝜎𝐻. A total of 23 field data were also extracted from both the literature and mine site A 

with stress measurements available at similar depth. The model provided an average 

prediction error of 8.4% compared to field stress measurement results on 𝜎𝐻, which is 

remarkable considering its simplicity, reliability and low cost.  

The scope of this work was limited to the estimation of 𝜎𝐻 due to the nature of the 

experimental design, in which 𝜎ℎ and 𝜎𝑣 were kept constant while increasing 𝜎𝐻. The 

experimental setup led to the repetition of 𝜎ℎ  in the training data and subsequently 

resulted in unreliable predictions. Based on the findings here, the later experiments 

carried out during the research considered the effect of 𝜎ℎ  and 𝜎𝑣  on breakout 

geometries. 

8.1.3 Numerical simulation on breakout development and borehole size effect 

In experimental conditions, it is not possible to observe the breakout formation process 

as the rock specimen is sealed inside the loading frame. Hence, Particle Flow Code 

(PFC) was used to simulate borehole breakouts under various stress combinations. The 

simulation results are well aligned with the experimental study, such that higher 𝜎𝐻 and 

larger borehole size will result in larger breakout geometries. This confirms that the 

horizontal stress magnitudes can be derived from breakout geometries. Based on the 

geometric changes during the breakout process, it was found that the breakout angular 

span is constant after the initiation, whereas the breakout depth elongates along the 𝜎ℎ 

direction substantially. The results here agree with previous researchers, that the 

breakout angular span is a more reliable parameter for horizontal stress magnitude 
estimation.  
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As PFC is a powerful tool for micro-mechanism investigation, it was also used to study 

the borehole size effect. Simulation results are also well in line with the experimental 

observations, in which the larger borehole size can lead to lower breakout initiation 

stress. PFC was also used to examine the validity of borehole size effect theories since 

this cannot be conducted in experimental studies. The simulation results indicated that 

there is some degree of stress averaging due to micro-cracking and the magnitude of 

radial stress should not be neglected. Interestingly, it was found that the micro-cracking 

occurred at the borehole wall rather than some distance into the rock. Based on further 

investigation, the breakout initiation is unlikely to start at some distance from the 

borehole wall due to the considerably higher radial stress at the location. The findings 

here do not agree with the pressure-dependent linear elastic model, indicating that the 

empirical relationship proposed earlier may be appropriate to estimate the breakout 

initiation stress.  

In addition, the numerical simulation incorporated the thermal effect which is widely 

encountered in deep geothermal wells. Based on the results, higher temperature led to 

lower breakout initiation stress at the same borehole size, and a higher proportion of 

shear cracks were generated under higher temperature. This indicates that the 

temperature might contribute to the micro-fracturing mode and hence influence the 

horizontal stress estimation results from borehole breakout geometries. Numerical 

simulation also showed that breakout angular span changed considerably under high 

stress conditions when the temperature is over 300 ˚C, suggesting that the temperature 

influence may need to be considered in stress analysis using borehole breakout in deep 

geothermal wells. However, this parameter does not need to be taken into account in 

underground coal mines due to the relatively low temperatures.    

8.1.4 Experimental study on combined horizontal stress magnitude estimation from 

artificial neural network and constitutive modelling  

As discussed in Chapter 2, the influences of 𝜎ℎ and 𝜎𝑣  on breakout geometries have 

rarely been investigated in experimental conditions. However, they are as equally 

important as the maximum horizontal stress as the in-situ stress is three-dimensional in 

the field condition. This research gap was addressed by keeping 𝜎𝐻  constant while 

changing 𝜎ℎ  or 𝜎𝑣  in proposed breakout tests. Results revealed that both breakout 

angular span and depth decrease with increasing 𝜎ℎ or 𝜎𝑣 although the influence of 𝜎ℎ is 
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more significant. This suggested that the effect of intermediate stress should be 

considered during stress estimation using borehole breakout data.  

Since 𝜎𝐻 can be predicted via Kriging, it is only necessary to estimate the magnitude of 

𝜎ℎ . As breakout angular span is a more reliable parameter for horizontal stress 

estimation. Hence, analytical investigation on the prediction of 𝜎ℎ given the value of σH 

and breakout angular span was carried out based on nine failure criteria.  

Each constitutive model was examined against 79 laboratory data from the literature and 

this study. It was found that this approach does not provide reliable estimation of 𝜎ℎ as 

it is sensitive to the magnitude of 𝜎𝐻. On the other hand, the examinations suggested 

that the Mogi–Coulomb and Stassi D’Alia criteria are capable of predicting 𝜎𝐻 with 

known 𝜎ℎ. The average error rates of the two models against the laboratory data were 

13.37% and 13.74%, respectively. 

To overcome this limitation and estimate both horizontal stress magnitudes, an 

Artificial Neural Network (ANN) model was introduced to estimate 𝜎ℎ . The ANN 

model developed was based on the 79 laboratory data with the use of interaction terms. 

Once the model was constructed, it was independently validated against 23 field data 

collected in Chapter 4. The ANN model yielded an acceptable average error rate of 

15.88% on 𝜎ℎ prediction. 

To determine the most reliable technique for 𝜎𝐻 estimation, a comparison analysis was 

carried out on Mogi–Coulomb, Stassi D’Alia, Kriging and ANN models. Results 

revealed that the Mogi–Coulomb failure criterion is the most reliable approach for 𝜎𝐻 

estimation against 23 field data, with an average error rate of 6.82%, whereas Stassi 

D’Alia yielded average error rates from 13.13% to 14.81% depending on the ratio 

between uniaxial compressive strength and tensile strength. In addition, the ANN model 

on 𝜎𝐻 estimation had an average error rate of 13.89%. Based on the comparison, the 

Mogi–Coulomb (6.82%) approach and the Kriging (8.4%) model provided the most 

accurate estimation results. However, borehole breakout is subject to creeping 

behaviour, such that its depth might be elongated with time. This might result in 

misleading estimation of the Kriging model on 𝜎𝐻 . Therefore, the ‘ANN’–‘Mogi–

Coulomb’ model is the most reliable approach to estimate horizontal stress magnitudes 

from borehole breakout data.  
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Since the proposed technique uses existing borehole breakout data, it incurs no cost in 

practice. The phenomenon can also be observed in weak strata where rock experiences 

high stress concentrations. This is advantageous compared to conventional stress 

measurements since those techniques require the borehole wall to be elastic. In addition, 

the model also shows promising results on σ𝐻 estimation and a stress profile can be 

derived if there are sufficient breakout data in different layers. Hence, the developed 

technique is a useful and competitive tool for horizontal stress magnitude estimation in 

underground excavations.  

8.1.5 Applicability of the developed models to field cases: additional data collection 

and validation 

To further compare the reliability of proposed techniques, additional field data were 

acquired from three mine sites B–D. A systematic approach to extract breakout 

geometries and rock information from borehole imaging and logging data was 

presented. Since mine sites B and C did not have stress measurement reports near the 

breakout locations, local stress maps were used for validation. It is noted that the 

Kriging model was not examined against all field data due to data file corruption, 

although the model overestimates the magnitude of 𝜎𝐻 in the majority of the cases. The 

comparison agrees with the comparison in Chapter 6, in which the ‘ANN’–‘Mogi–

Coulomb’ approach showed the most promising prediction results against the selected 

field data.  

At mine site D, there were stress measurements available at the nearby breakout 

locations, such that direct verification could be conducted using the breakout data 

extracted from the site. By combining the field estimation results together with Chapter 

6, the ANN model on 𝜎𝐻 estimation yielded an average error rate of 19.03%. On the 

other hand, the Mogi–Coulomb model had a rate of 7.62% against the same dataset, and 

the error rate of the ANN model on 𝜎ℎ decreased to 15.05%. Therefore, the conclusion 

drawn from this chapter is in line with that from Chapter 6 that the ‘ANN’–‘Mogi–
Coulomb’ approach provides the most accurate prediction results on various field cases. 

8.2 RECOMMENDATIONS FOR FUTURE WORK 
The findings and contributions of this study are encouraging and present significant 

value to the mining and petroleum industries considering the reliability, applicability 
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and cost of the proposed horizontal stress measurement technique. Although the model 

has shown promising prediction results, there is still room for improvement beyond this 

thesis research. Therefore, a number of recommendations are outlined for future 

research. 

8.2.1 Experimental apparatus modification 

An important issue in borehole breakout study is the difficulty of observing the breakout 

formation process because the rock specimen is sealed when triaxial loading is applied. 

The technical challenge might be overcome by modifying the current experimental 

apparatus. It is possible to design a hole at the centre of the loading frame, such that this 

hole is aligned with the pre-drilled borehole in the rock specimen. With the existence of 

this opening, a borehole camera could be placed inside the borehole during the 

experimental stage to record the breakout evolution. A complementary tool, strain 

gauges, can be mounted at the borehole wall to monitor the breakout propagation. 

Thereby, the micro-mechanism of breakout development could be studied via CT-scan. 

This modification is expected to capture breakout evolution and improve knowledge in 
this research area.  

In addition, it is also recommended the capacity of the loading frame is upgraded, so 

that higher ranges of 𝜎ℎ and 𝜎𝑣 can be studied. 

8.2.2 Further experimental studies 

In future research, it is recommended additional laboratory breakout tests are conducted, 

especially on various 𝜎ℎ and 𝜎𝑣 combinations using other rock types. This will not only 

improve the understanding of the effect of 𝜎ℎ and 𝜎𝑣 on breakout geometries, but also 

provide data to examine the Mogi–Coulomb model. In addition, the data can be used to 

enrich the training database of the ANN model, which can in turn improve the reliability 

of the proposed technique.  

8.2.3 3D numerical simulation 

As demonstrated in this research, 𝜎𝑣 is a critical parameter for breakout development 

which should not be ignored. A three-dimensional numerical simulation on breakout 

should be conducted via PFC3D, to cover a wider range of scenarios given the 

difficulties in achieving certain specimen conditions in the laboratory. The experiments 

conducted in this thesis used pre-drilled specimens, whereas the drilling process takes 
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place with the existing in-situ stress in the field. Therefore, it is worth investigat ing the 

difference in breakout geometries under pre-drilling and post-drilling conditions. This 

research can be conducted using numerical simulation.  

The time dependency of borehole breakout geometric attributes is a critical topic which 

should be investigated as it may substantially influence the estimation results. However, 

due to the equipment capacity and laboratory restrictions, it is difficult to conduct this 

type of experiment in the laboratory. To explore this phenomenon, the ‘stress corrosion’ 

model in PFC3D can be implemented. In this model, the contact bonding strength 

gradually degrades by removing the contacting material at a specific rate if the contact 

force is above the pre-defined micro-activation force (Potyondy 2007). Findings based 

on this simulation may determine whether time is an influential factor that should be 
considered in breakout analysis. 

8.2.4 Machine learning model improvement 

Although the proposed ANN model showed an acceptable error rate on field data, it 

might be possible to increase its prediction accuracy in two ways: 

 Expand the existing training database. The 26 field data collected with 

corresponding horizontal stress measurements can be used as part of the 

database in conjunction with additional experimental studies. Based on the 

extended database, the reliability of the proposed ANN model can be further 

improved. The numerical simulation results might also be considered as part of 

the training database. 

 Implement other machine learning techniques. If the database is sufficiently 

large, it is worth examining other machine learning techniques on 𝜎ℎ prediction, 

such as deep learning.  

8.2.5 Field data analysis 

Additional field breakout data with horizontal stress measurements can be highly 

beneficial as some model validations carried out in this thesis were against the local 

stress maps rather than direct stress measurement. The data can provide more 
examination of the proposed model while enriching the ANN training database.  
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8.2.6 Consideration on effect of loading procedures 

In experiments, borehole was drilled prior to the loading stage due to the experimental 

equipment limitation; whereas, borehole was drilled under the in-situ stress state. This 

might result in some degree of difference in breakout geometries created under both 

circumstances, although a number of researchers have adopted the same procedures as 

this study to investigate borehole breakout (Van den Hoek et al., 1994; Cuss et al. , 2003; 

Meier et al., 2013; Duan and Kowk, 2016; Li et al, 2020). 

 To examine whether there is any difference of breakout geometries under pre-

drilling and post-drilling conditions, it is recommended to carry out the 

following two analyses: Conduct breakout simulation via PFC3D with pre-

drilled and post-drilled cases and compare the numerical results of breakout 

geometries. 

 Upgrade the equipment such that it is capable of drilling the specimen under true 

tri-axial loading; compare the experimental results of breakout geometries under 

both scenarios.  
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APPENDIX 

Table A1 Breakout geometries and associated horizontal stress magnitudes applied in 

experiments  

 Maximum  

Horizontal  

Stress 

(MPa) 

Minimum 

Horizontal 

Stress 

(MPa) 

Normalised 

depth (𝐿/𝑟) 

Angular 

Span – 

width 

(degrees) 

Haimson 

and 

Herrick 

(1986) 

40.996 4.4 1.22 42 

44.874 4.4 1.35 50 

47.09 8.8 1.36 52 

49.86 8.8 1.42 67 

60.386 13.2 1.47 63 

61.494 13.2 1.52 73 

73.128 24.376 1.47 72 

31.5 1.75 1.08 27 

30.625 4.375 1.26 43 

35 4.375 1.36 51 

40.8 8.5 1.47 59 

44.2 8.5 1.55 61 

54.5 13.25 1.73 73 

55  13.25 1.86 80 

67.5 24.25 1.84 108 

68 24.25 1.93 120 

Haimson 

and 

Herrick 

(1989) 

81.51 20.46 1.74 83 

85.8 23.76 1.72 79 

96.36 27.39 1.82 91 

92.4 34.32 1.9 118 

62 20.4 1.85 108 

68 23.8 1.83 118 

72 23.8 1.97 121 

52.46 6.88 1.47 53 
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65.36 13.76 1.58 65 

76.54 20.21 1.7 75 

77.4 27.52 1.65 82 

84.28 27.52 1.7 85 

93.74 34.4 1.85 91.5 

99.76 40.85 1.87 110 

106.64 47.3 1.95 112 

52.44 6.84 1.43 46 

64.6 13.68 1.53 57 

72.2 20.9 1.76 72 

84.36 27.36 1.61 83 

84.74 27.36 1.76 84 

94.62 34.58 1.91 92.5 

95.38 34.58 1.96 97 

Haimson 

and 

Song 

(1993) 

22.8 3 1.1625 36 

23.4 3 1.3625 50 

28 5 1.365 49 

32 5.5 1.175 56 

34 7 1.29 46 

35 7 1.325 43 

36 7.2 1.3375 59 

38 9 1.525 63 

38 12 1.22 58 

43 12 1.325 67 

47 15 1.4625 65 

Herrick 

and 

Haimson 

(1994) 

41 14 1.18 45 

50 14 1.32 55 

57.5 14 1.56 65.5 

65.5 14 1.76 81.5 

51.5 21 1.2 53.5 

58.5 21 1.27 56 

65.5 21 1.46 63 

65.5 21 1.56 65.5 
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72.2 21 1.64 70 

75.8 21 1.98 80 

58.5 28 1.22 52 

65.5 28 1.24 55.5 

72.2 28 1.6 68 

79 28 1.7 70 

83 28 2 86 

62 35 1.13 45 

69 35 1.27 57 

79 35 1.6 64 

84.5 35 1.94 86 

90 35 2.08 88 

Haimson 

and Lee 

(2004) 

40 15 1.11 35 

50 15 1.22 51.5 

60 15 1.43 65 

70 15 1.558 73 

60 20 1.3 63 

70 20 1.618 67.5 

80 20 1.875 73 

60 25 1.175 64 

70 25 1.74 71 

75 25 1.68 75 

85 25 1.835 82 

54.9 30 1.15 53 

60 30 1.16 64 

65.1 30 1.3 79.5 

69.6 30 1.5 100 

75 30 1.725 111 

60 40 1.15 95 

64 40 1.19 116 

69.2 40 1.6 138 

Lee and 

Haimson 

35.4 15 1.2 45 

50.25 15 1.77 59 
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(2006) 65.25 15 1.82 63.5 

40 20 1.15 48 

50 20 1.52 68 

60 20 1.625 73.5 

70 20 1.92 78.5 

45 25 1.19 61.5 

50 25 1.41 66 

55 25 2.23 70 

60.5 25 2.07 72 

65 25 2.33 77 

40.5 30 1.12 56 

51 30 1.46 70.3 

60 30 2.02 77.5 

60 40 1.28 68 

72 40 2.13 73.6 

80 40 2.36 82 

93.2 40 2.53 85 

 
 

 




