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Abstract
Measuring in situ stress is essential for many problems in geomechanics, and the maximum horizontal stress is the most dif-
ficult to constrain. We are developing an extension of the breakout method to measure maximum horizontal stress in regions 
where natural breakouts do not occur. In the novel thermal breakout method, additional compression which leads to breakout 
development is induced by heating the borehole wall. In the present study, we validated the method experimentally in a 
true-triaxial apparatus on samples with predrilled boreholes. Two rocks were selected for laboratory testing: high-porosity 
Berea sandstone and low-porosity Niagaran dolomite. Prior to main true-triaxial tests, we carried out standard testing to 
characterize the strength, elasticity and thermal properties. The true-triaxial experiments consisted of: (1) room-temperature 
tests where samples were first loaded mechanically until the breakout formed, and (2) elevated-temperature tests where 
samples were loaded mechanically within the elastic range with additional compression induced thermally. Breakout initia-
tion was monitored by acoustic emission sensors mounted on the pistons that applied horizontal stresses. The magnitude 
of induced thermal stress was calculated from temperature measurements around the borehole wall. In both rock types, we 
created thermally induced breakouts and examined analytical expressions to constrain maximum horizontal stress based on 
strength, elastic and thermal properties of the rocks.
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List of Symbols
a	� Borehole radius (m)
Ai	� Amplitude of first arrival at ith AE sensor
�	� Linear coefficient of thermal expansion (1/K)
BCS	� Borehole compressive strength (Pa)
C0	� Uniaxial compressive strength (Pa)
C1	� Strength in biaxial extension (Pa)
Cp	� Specific heat (J/(K kg)
E	� Young’s modulus (Pa)
k	� Thermal conductivity (W/(m K))
�	� Poisson’s ratio (–)
P0	� Pore pressure (Pa)
ΔP	� Difference between mud weight and pore pressure 

(Pa)
r	� Radial distance from center of the borehole (m)

�1	� Maximum principal stress (Pa)
�2	� Intermediate principal stress (Pa)
�3	� Minimum principal stress (Pa)
�H	� Maximum horizontal stress (Pa)
�h	� Minimum horizontal stress (Pa)
�v	� Vertical stress (Pa)
���	� Circumferential (hoop) stress (Pa)
�rr	� Radial stress (Pa)
�zz	� Axial stress (in the direction of borehole axis) (Pa)
�oct	� Normal octahedral stress (Pa)
�oct	� Shear octahedral stress (Pa)
ΔT 	� Temperature change (K)
�	� Angle measured from the direction of maximum 

horizontal stress
UCS	� Uniaxial compressive strength (Pa)

1  Introduction

Knowledge of in situ stress is essential for geological engi-
neering applications including borehole stability analysis, 
hydraulic fracturing design, CO2 sequestration, tunneling or 
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rock slope stability (e.g. Jaeger et al. 2007; Economides and 
Nolte 2000; Zoback 2007; Fjær et al. 2008). Also, it gives 
important insight into the geodynamics of a given region and 
facilitates tectonic interpretations (Zoback 1992; Heidbach 
et al. 2010). Therefore, the development of stress measure-
ment methods is of central importance in geomechanics.

For simplicity of argument, it is commonly assumed that 
one of the principal stresses is vertical, and the other two are 
horizontal. Thus, the stress analysis consists of estimation 
of the principal stress magnitudes, and maximum horizontal 
stress direction (e.g. Zoback et al. 2003). The vertical stress 
is easily constrained by density log integration; the mini-
mum horizontal stress can be estimated from extended leak-
off tests or hydraulic fracturing tests (De Bree and Walters 
1989); and the maximum horizontal stress direction is also 
relatively well-constrained from wellbore failures: break-
outs and drilling induced tensile fractures, which form in 
the direction of minimum and maximum horizontal stresses, 
respectively. The most challenging component of in situ 
stress analysis is the maximum horizontal stress magnitude. 
Several methods have been proposed, and will be briefly 
reviewed below.

The overcoring stress measurement method relies on elas-
tic rebound of rock when stress is released and it consists 
of three main steps (Amadei and Stephansson 1997): (1) 
small diameter borehole is drilled, (2) strain measurement 
device is installed inside, (3) the rock with the device is 
overcored using a larger diameter drill bit. At the moment 
of overcoring the stress is released, and the rock deformation 
is recorded by strain gauges. The stress change due to over-
coring is calculated assuming linear elasticity. The widely 
used overcoring devices are the CSIRO hollow inclusion 
(HI) cell (Worotnicki 1993), USBM (Hooker and Bickel 
1974; ISRM 1987), or Borre probe (Sjöberg et al. 2003). 
The deficiency of the method is that it relies on the assump-
tion of linear elasticity of rocks which can be easily violated. 
Anisotropy introduces additional difficulty in accurate data 
analysis. Also, the strain gauges measure the deformation 
in very small areas, and any stress or rock heterogeneity 
greatly influences the final stress estimation. Finally, over-
coring cannot be easily deployed at greater depths (> 1 km) 
and it is mostly used in shallow mining/civil engineering 
applications (e.g. Clement et al. 2009).

The hydraulic testing on pre-existing fractures (HTPF) 
method has been developed by Cornet (1983, 1986) (for a 
thorough description see Haimson and Cornet (2003)). In 
this method, a natural, pre-existing fracture is located using 
a scanning tool, the borehole interval containing it is sealed 
and the fracture is pressurized. Analysis of reopening pres-
sures of fractures in different directions provides a method to 
constrain the entire stress tensor. The experimental results of 
the HTPF method have been presented by: Cornet and Burlet 

(1992); Cornet and Jianmin (1995), Cornet et al. (2003) and 
Wileveau et al. (2007). The shortcoming of the method is 
that it assumes negligible percolation of hydraulic fluid into 
the rock matrix, and that the stress state is homogeneous. It 
also requires the presence of fractures in various orientations 
within the investigated borehole interval.

In the sleeve fracturing method (Stephansson 1983; 
Serata et al. 1992), a rubber sleeve is introduced into the 
borehole, the interval is sealed, and the sleeve is pressurized. 
When the pressure exceeds the minimum circumferential 
stress plus the rock tensile strength, a fracture forms in the 
azimuth of maximum horizontal stress ( �H ). Contrary to 
the standard hydraulic fracturing tests, the fracture is very 
short, because it is constrained by the maximum expansion 
of the sleeve. The development of the first fracture releases 
the stress concentration in the �H direction and upon fur-
ther pressurizing the next fracture opens in the azimuth of 
minimum horizontal stress ( �h ). From closing and reopening 
pressures of the two sets of fractures it is possible to con-
strain both horizontal stress magnitudes. However, as the 
induced fractures are short, near borehole stress perturbation 
and structural heterogeneity can make the far-field stress 
characterization difficult.

The methods described above provide means to measure the 
maximum horizontal stress magnitude. However, each of them 
has its shortcomings and related technical difficulties, which 
impede their standard use in deep boreholes. Most frequently, 
for deep boreholes, the maximum horizontal stress magnitude 
is constrained from borehole breakout analysis (e.g. Zoback 
et al. 1985; Moos and Zoback 1990, 1993; Lund and Zoback 
1999; Jarosiński 2005; Chang et al. 2010; Malinverno et al. 
2016). On the walls of a circular, vertical borehole the far field 
stress is amplified, and maximum compression is induced 90◦ 
from the direction of maximum far field horizontal stress (see 
Sect. 2.1 for details). If the stress-concentration reaches the 
rock strength, the borehole wall fails and a breakout is cre-
ated. In the simplest approach and under the assumption of 
zero borehole effective radial stress, the failure is governed by 
the circumferential (hoop) stress only. Therefore, the uniaxial 
compressive strength (UCS) is commonly used as a measure of 
borehole strength. The maximum horizontal stress is estimated 
by assuming that the hoop stress at the edge of the breakout is 
exactly equal to the UCS. Thus, knowing the rock parameters, 
minimum horizontal stress (e.g. from hydraulic fracturing or 
leak-off tests), and measuring breakout width from borehole 
caliper or imaging logs, one can estimate the maximum hori-
zontal stress (Barton et al. 1988). However, the accuracy of 
stress estimation relies on the uncertain parameter of breakout 
width, so the resulting confidence interval can be quite wide. 
Dynamic failure process is complicated and often determined 
by structural heterogeneity resulting in variable breakout width 
within one rock layer. In addition, when the rock strength is 
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higher than the in situ circumferential stress, the failure does 
not occur which limits the information available to constrain 
stress. In such conditions, the circumferential stress can be 
increased by heating the borehole wall, leading to development 
of thermally induced breakouts.

Previously, borehole tests in underground research labo-
ratories proved the ability of the borehole heating method to 
induce breakouts thermally in the �h direction (Hakami and 
Christiansson 2011; Siren et al. 2015; Voegeli et al. 2020; 
Nopola et al. 2020). In the present study, we validated the 
method experimentally using a true-triaxial apparatus with 
acoustic emission monitoring in order to assess its potential 
to estimate the maximum horizontal stress magnitude. Dur-
ing the tests, we first constrained the room-temperature bore-
hole strength. Then, in elevated-temperature tests, we loaded 
the samples mechanically within the elastic range, and later 
added additional compression thermally by heating the bore-
hole walls. The onset of breakout development was identified 
using acoustic emission events and related to the applied far-
field stress through analysis of thermoelastic stresses.

The manuscript is organized as follows. First, theoretical 
background regarding thermoelastic stress around borehole 
and the strength of borehole wall is briefly presented in Sect. 2. 
Next, in Sects. 3, 4 and 5 we describe the laboratory work: 
used rock samples, experimental methods and data analysis, 
respectively. Finally, Sect. 6 provides description and discus-
sion of the thermal breakout method for maximum horizontal 
stress estimation.

2 � Theoretical Background

2.1 � Stress Around Borehole

For simplicity, throughout the paper we restrict the analysis to 
a vertical borehole situation, where the weight of overburden 
is one of the principal stresses, and the other two are hori-
zontal. Stresses around boreholes of arbitrary orientation have 
been analyzed by Peška and Zoback (1995). We also disregard 
effects related to anisotropy.

In his classical paper, Kirsch (1898) described stress con-
centration around an opening in a plate loaded by far field 
uniaxial stress, which has been further generalized to two 
dimensions by superposition. According to Kirsch’s solution, 
and assuming plane strain condition in the horizontal plane, 
the effective principal stresses at the borehole wall are equal 
to (e.g Zoback 2007; Fjær et al. 2008):

(1)
�rr =

1

2
(�H + �h)

[

1 −
a2

r2

]

+
1

2
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3a4
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]
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ΔPa2
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where �H , �h and �v are maximum horizontal, minimum 
horizontal and vertical effective stresses, ΔP is the differ-
ence between in situ pore pressure and mud pressure, a is 
the borehole diameter, r is the distance from the center of 
the borehole, � is the angle from the direction of �H , and � is 
Poisson’s ratio. At the � azimuth of 90◦ ( �h or the breakout 
azimuth), where the hoop stress is most compressive, and 
assuming no difference between the mud and pore pressures, 
the principal stresses at the borehole wall become:

In most cases, the hoop stress ��� is the largest principal 
stress, the axial stress �zz is the intermediate, and the radial 
stress �rr is the least principal stress. In the case of a vertical 
borehole, �zz can be the largest only in normal stress regime, 
with low horizontal stress magnitudes relative to �v . In the 
laboratory testing, we did not analyze such stress setting. 
Therefore, for the remainder of the paper, we assume that at 
the borehole wall in the azimuth of breakout, the principal 
stresses are: �1 = ��� , �2 = �zz , and �3 = �rr.

It is also important to note that the axial stress �zz is not 
equal to the weight of overburden. Because of the assump-
tion of plane strain (removal of borehole material does not 
induce vertical deformation of the surrounding area and 
therefore �zz = 0 ), the axial stress at the azimuth of break-
out is equal to the overburden weight plus contribution from 
the horizontal stresses. From (6) we see, that for a Poisson’s 
ratio equal to 0.25, the axial stress at the breakout azimuth 
is higher than �v by half of the horizontal stress difference. 
Therefore, in high horizontal stress difference settings, the 
axial stress at breakout azimuth can be significantly higher 
than �v.

2.2 � Borehole Strength

Breakout failure is most commonly predicted using the 
Mohr–Coulomb criterion which can be described by the 
following relations (e.g. Zoback et al. 1985; Zoback 2007):
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(5)�rr = 0,

(6)�zz = �v + 2�(�H − �h).
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where UCS is the uniaxial compressive strength and � is 
the coefficient of internal friction. The mud weight is usu-
ally chosen close to the pore pressure magnitude, and there-
fore the radial stress is close to zero. Thus, it is common to 
assume that the borehole wall is in uniaxial stress condition, 
the hoop stress being the only stress component contributing 
to breakout failure. In such case, the breakout is predicted 
when the hoop stress reaches the UCS. Two main shortcom-
ings of this simple approach: the influence of the intermedi-
ate stress and size effect are discussed in Sect. 6.

In the remainder of the paper, we assume that borehole 
wall failure occurs when hoop stress reaches some critical 
value. Lin et al. (2020) used the term borehole wall strength 
(BWS) for the critical hoop stress at the onset of breakout. We 
choose to use borehole compressive strength (BCS) in this 
paper to further emphasize the compressive mode of breakout 
failure.

2.3 � Thermal Stress Around Borehole

When the borehole is heated, the rocks around it are forced 
to expand, but this expansion is constrained by the unheated 
rocks farther away from the borehole. Therefore, compres-
sional stress is induced.

Thermal stresses around a borehole assuming linear ther-
moelasticity, material isotropy and plain strain conditions 
are calculated using: (Stephens and Voight 1982; Noda et al. 
2003):

where � is the linear coefficient of thermal expansion, E is 
the Young’s modulus, � is the Poisson’s ratio, r is the radial 
distance from the center of the borehole, a is borehole radius 
and ΔT  is the function describing change of temperature 
with radial distance and time. From the above equations we 
see that at the borehole wall, the radial thermal stress van-
ishes and the thermal hoop and axial stresses are equal to:
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3 � Description of the Samples

3.1 � Basic Information

For laboratory testing, we chose two rock types with differ-
ent properties: high-porosity and low-strength Berea sand-
stone, and low porosity and high strength Niagaran dolomite. 
Both rocks are homogeneous and isotropic. The reason for 
such choice was to check how the thermal breakout method 
works for two examples of rocks, significantly different in 
terms of porosity and strength.

Berea sandstone (late Devonian, river sand origin) sam-
ples are composed mainly of quartz, with minor amount of 
feldspars and carbonates. The used variety of Berea is char-
acterized by high porosity of 22.5%, and density equal to 
2050 kg/m3.

Niagaran dolomite (Silurian–Niagaran series, reef dolo-
mitic limestone) is composed of dolomite, calcite, with 
minor amount of quartz. It is a massive, vug-free, homoge-
neous rock. The variety used in the study is characterized by 
4% porosity, and density equal to 2720 kg/m3.

3.2 � Strength in Triaxial Compression

The samples for conventional, triaxial compression tests 
were 76.2 mm (3 in.) tall, 38.1 mm (1.5 in.) diameter. Dur-
ing the tests, samples were loaded at constant strain rate 
10−5 /s until failure, at various constant levels of confining 
pressure. Both axial and lateral deformations were meas-
ured during the tests. Figure  1 depicts the stress–strain data 
acquired during triaxial compression tests. Both rocks fail in 
brittle manner at low confining pressures and exhibit mod-
erate ductility at higher confining pressures. The failure is 
preceded by change in volumetric strain from compressional 
to dilatant.

Table  1 presents the summary of triaxial compression 
test results. The average elastic parameters are: Young’s 
modulus equal to 75 and 20 GPa, and Poisson’s ratio equal to 
0.25 and 0.19, for Niagaran dolomite and Berea sandstone, 
respectively. A uniaxial compressive strength of 259.3 MPa 
was measured for the Niagaran dolomite, while the Berea 
sandstone exhibited UCS equal to 59.9 MPa.

3.3 � Thermal Properties

Thermal property testing consisted of thermal expansion 
tests on cylindrical samples, and thermal conductivity and 
thermal diffusivity tests on disk samples.
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Thermal expansion was measured using a cylindrical sam-
ple equipped with LVDTs (linear variable differential trans-
ducers) placed in a furnace. The sample was unconfined, i.e. 
tests were at atmospheric pressure, and only the axial expan-
sion was recorded by the LVDTs. The thermal expansion 
data are presented in Fig. 2, and the coefficients are equal to 
1.51 ⋅ 10−5 and 1.48 ⋅ 10−5 strain per degree K, for Niagaran 
dolomite and Berea sandstone, respectively.

Thermal conductivity and diffusivity were measured during 
hot disk tests. In these tests a disk heater with a thermistor is 
placed between two finished samples prepared from the same 
core. Then, a pulse of heat is applied through the heating disk 
and heat diffusion is observed. The following parameter values 
were obtained: k = 2.2 W/(m K), Cp = 730 J/(kg K) for the 

Berea sandstone, and k = 4.2 W/(m K), Cp = 810 J/(kg K) for 
Niagaran dolomite.

4 � Experimental Methods

4.1 � Sample Preparation for True‑Triaxial Tests

Samples with dimension of 139.7 × 139.7 × 203.2 mm (5.5 
× 5.5 × 8 inches) or 139.7 × 139.7 × 152.4 mm (5.5 × 5.5 × 6 
in.) were cut from bigger blocks and ground to size on preci-
sion surface grinder, with faces parallel within 50 μ m. At the 
center of each block a 19.1 mm (0.75 in.) diameter borehole 
was predrilled. In addition, for elevated-temperature tests, 

Fig. 1   Triaxial compression data acquired for a Niagaran dolomite, and b Berea sandstone. Solid lines present the axial and radial strain, and the 
dashed lines present the volumetric strain; stars indicate the moment of failure

Table 1   Summary of triaxial compression test results; Nia—Niagaran dolomite samples, Ber—Berea sandstone samples; E is the Young’s mod-
ulus, � is the Poisson’s ratio, �axial is the maximum axial stress at failure and Pc is the confining pressure at which the test was performed

Lower part of the table provides average elastic parameters and Mohr–Coulomb failure parameters: UCS and internal friction coefficient �

Sample E (GPa) � (–) �axial (MPa) Pc (MPa)

Nia4 74.2 0.292 270.0 2
Nia6 75.9 0.284 287.4 5
Nia9 68.2 0.281 323.5 10
Nia11 72.2 0.226 387.0 20
Nia8 80.6 0.212 503.9 40
Ber1 – – 52.3 0
Ber3 18.2 0.221 82.9 5
Ber5 19.1 0.191 106.9 10
Ber2 20.2 0.186 127.1 15
Ber4 21.5 0.156 156.8 25

Eav (GPa) �av (–) UCS (MPa) � (–)

Niagara 75 0.25 259.3 1.04
Berea 20 0.19 59.9 0.77
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twelve thermocouple holes were drilled from the corners of 
the sample. Sample schematic is depicted in Fig. 3a. The 
faces of the sample were covered with a thin layer of stearic 
acid mixed with vaseline (with equal weight fractions) to 
reduce friction between the rock and the pistons (Labuz and 
Bridell 1993).

4.2 � True‑Triaxial Test Setup

The true-triaxial apparatus used in the experiments was 
designed and built at the University of Wisconsin–Madison 
at the beginning of 1990s and recently modified to allow AE 
monitoring. Previous results obtained using this apparatus 
were published by e.g. Lee and Haimson (1993), Haimson 

and Song (1993), Haimson and Kovacich (2003) and Haim-
son and Lee (2004).

The apparatus consists of a loading frame, which is used 
to apply the vertical stress, and a cylindrical chamber with 
two pairs of hydraulic pistons that are used to apply the hori-
zontal stresses (Fig. 3b, c). The pistons are driven by two 
separate pressure intensifiers, which allows the independent 
application of the two orthogonal horizontal stresses. Each 
piston is equipped with two o-rings for positioning and seal-
ing the cavities where pressure is applied. The forces acting 
on the sample faces are calculated from pressure in the cavity 
multiplied by piston surface. The o-ring friction reduces the 
applied force, and to exclude this effect, we conducted calibra-
tion tests: for the low-stress range, we used an external load 

Fig. 2   Thermal expansion coef-
ficient testing results; a Berea 
sandstone, b Niagaran dolomite; 
red line shows the linear fit 
of the strain measurements 
vs. temperature. The thermal 
expansion coefficient (the slope 
of the red line) for both rock 
types is approximately constant 
with temperature (color figure 
online)

Fig. 3   a Sample dimensions and positions of acoustic emission sensors (red circles) and thermocouples (blue dots), b UW-Madison true-triaxial 
apparatus, c pressure chamber with acoustic emission sensors (color figure online)
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cell, and for intermediate- and high-stress range, we measured 
strains in an aluminum block with known elastic parameters.

We performed two types of true-triaxial experiments: 
room-temperature and elevated-temperature. The room-
temperature tests were meant to constrain the borehole com-
pressive strength (BCS), i.e. the hoop-stress level at which 
the breakout forms. Then, during elevated-temperature tests 
the samples were loaded mechanically below the BCS, and 
the additional compression needed to create a breakout was 
induced thermally.

We applied the following procedure for room-temperature 
tests: first, the hydraulic pistons and the loading frame were 
brought to contact with the rock sample. Then, all three prin-
cipal stresses were increased simultaneously at a loading 
rate of 0.1 MPa/s to reach the intended minimum horizon-
tal stress and vertical stress magnitudes. After reaching the 
assigned magnitudes for �h and �v , the maximum horizontal 
stress �H , was increased until the breakout formed at the 
same loading rate of 0.1 MPa/s. After breakout formation, 
the sample was unloaded, at 0.2 MPa/s. Stress data were 
logged at 0.5 s sampling intervals.

In elevated-temperature experiments, the first stages 
were similar, but then the maximum horizontal stress was 
increased to levels below the critical magnitude required 
to create a breakout (assessed from previous room-temper-
ature tests). Additional compression necessary to induce 
compressive borehole wall failure was induced by heating 
the borehole. We used a cylindrical cartridge heater to 
heat the borehole wall (191 mm long, 12.7 mm diameter, 
Nichrome resistive wire inside Incoloy sheath, 1000 W).

4.3 � Acoustic Emission Data Acquisition

Piston faces were equipped with additional front plates 
where the acoustic emission sensors were installed 
(Fig. 3c). A disk of silicone was placed behind each sensor 
to apply constant coupling force between the sensor and 
the rock face. During the experiments, eight piezoelectric 
sensors recorded AE events. In addition, active pulsing 
was performed in 60 s intervals to measure P-wave veloci-
ties. The acquisition frequency spectrum of the sensors 
was 0.1–0.8 MHz, with maximum sensitivity between 0.2 
and 0.3 MHz. Sensor positions are depicted in Fig. 3a. The 
data were recorded using an acoustic emission acquisi-
tion system with triggering set so that a signal over preset 
voltage threshold in any of the eight channels triggered 
acquisition in all channels. Therefore, each event consists 
of eight traces with identical start time and length. Sam-
pling frequency was set to 10 MHz.

4.4 � Borehole Camera Recording

During room-temperature true-triaxial tests we deployed 
a borehole camera inside the borehole at approximately 
two thirds of its height, to acquire video recordings of 
the borehole wall during formation and development of 
breakout structures.

4.5 � Temperature Data Acquisition

During elevated-temperature tests, the temperature was 
measured by twelve K-type thermocouples installed in holes 
drilled from the edges (Fig. 3a). The thermocouples were 
installed at approximately 2, 5, 10 and 20 mm from the bore-
hole wall at heights 82.6, 101.6 and 120.7 mm. Sampling 
interval was set to 1 s.

4.6 � Stress Conditions in True‑Triaxial Experiments

The principal stresses at the borehole wall are the hoop (cir-
cumferential) stress ��� , radial stress �rr which is the fluid 
pressure that acts at the wall, and �zz acting parallel to the 
borehole axis. In field scale boreholes, �zz varies azimuthally 
around the borehole according to (6) due to the plane strain 
assumption, i.e. the deformations are constrained along the 
borehole axis. We ran finite element and FLAC simulations 
to check the �zz distribution during a true-triaxial experiment 
where the block size is limited. Elastic finite element mod-
eling assuming rigid pistons (uniform displacement along 
rock sample faces) showed plane strain �zz variation in the 
horizontal slices (perpendicular to borehole axis) and no 
variation along the height of the borehole. More detailed 
FLAC modeling, where pressure was applied to the back 
of steel pistons as in a real experiment, showed a small 
deformation of the pistons at the contact with the rock. This 
leads to some �zz variation along the height of the borehole. 
However, approximately at two borehole diameters into the 
borehole from the top and bottom faces, the azimuthal �zz 
variation follows the plane strain distribution.

In a dry borehole loaded with far-field stresses, at the 
azimuth of breakout according to Kirsch’s solution, the 
hoop stress at the borehole wall equals ��� = 3�H − �h . For 
the rock sample and borehole size used in our experiments 
(19.05 mm diameter, 139.7 mm side length), according to 
the finite element model with uniform displacement bound-
ary conditions at all faces, the stress concentration factor is 
3.07 instead of 3. Therefore, we assumed that the stresses 
applied at the pistons can be treated as far-field, because the 
stress concentration factor does not deviate significantly ( ∼
2%) from Kirsch’s analytical result.

In uniaxial laboratory tests on rock cylinders the sample 
acquires a barrel shape because of friction at the top and 
bottom faces that constrains deformation. Even though we 
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apply friction reducer to the piston faces (Labuz and Bridell 
1993), a similar phenomenon may still be present in the true-
triaxial tests especially when �H is raised far above �h and �v 
during the final loading stage in our experiments. Therefore, 
we modeled numerically an endmember case: uniaxial �H 
loading assuming infinite friction at the pistons, to check 
how it influences the vertical stress distribution at the bore-
hole wall. The modeling showed that even at �H equal to 100 
MPa, the magnitude of additional �zz induced by friction in 
the direction of breakout, was less that 10 MPa. We hypoth-
esize that in our experiments, with the use of friction reducer 
and where block barreling is constrained by other pistons, 

this number decreases to a maximum of a few percent of the 
applied horizontal stress.

5 � Experimental Data Analysis

Gathered experimental data consists of triaxial compres-
sion results, thermal properties (both presented in Sect. 3), 
and acoustic emission data, stresses measured during the 
true-triaxial tests, borehole video recordings (for room-tem-
perature tests) and temperature measurements (for elevated 
temperature tests). First, we present the acoustic emission 

Fig. 4   Acoustic emission 
location examples; blue 
dots—compressional events, 
red dots—shear events, green 
dots—tensile events; gray 
dots—events located outside the 
breakout zone. a Ber3 sample 
(room-temperature) located 
events in the plane of minimum 
horizontal stress, b Ber3 sample 
(room-temperature) located 
events in the plane of maximum 
horizontal stress, c Ber5 sample 
(heated) located events in the 
plane of minimum horizontal 
stress, d Ber5 sample (heated) 
located events in the plane of 
maximum horizontal stress 
(color figure online)
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data analysis used to constrain the moment of breakout ini-
tiation and temperature extrapolation to the borehole wall. 
Next, we analyze the obtained data for Berea sandstone and 
Niagaran dolomite samples.

5.1 � Acoustic Emission Data Analysis

Acoustic emission data processing consisted of three main 
steps: (1) locating the events, (2) selecting events related to 
breakout formation (close to the borehole wall at the azi-
muth of minimum horizontal stress), and (3) calculating the 
released acoustic emission energy and deformation modes 
for selected events.

First arrival picking was done automatically using the 
Akaike Information Criterion (AIC) based autopicker 
(Akaike 1974), implemented in Matlab by Kalkan (2016). 
Pick quality was ensured by (1) checking the linearity of the 
AIC function for the waveform data before the picked first 
arrival with a threshold R2 fit quality equal to 0.97, and (2) 
by finding the first motion amplitude, calculating the sig-
nal to noise ratio, and taking only waveforms with s/n ratio 

higher than 8. Location was performed by minimizing the 
L1 norm of traveltime residuals using the simplex method 
(Nelder and Mead 1965).

Next, we selected the events within the zone of breakout 
development at the azimuth ±30◦ from the azimuth of �h , 
at distances from 0 to 7.5 mm from the borehole wall, at 
both sides of the borehole. Example of locations for room-
temperature and heated experiments are presented in Fig. 4.

For the selected breakout events, we calculated the cumula-
tive number of events, cumulative energy, and for good quality 
recordings we also distinguished whether the event was com-
pressional, shear or tensile by analysis of first motion polarity 
(Zang et al. 1998). Number of sensors and the geometry of the 
experiment did not allow to perform moment tensor inversion 
reliably. However, the polarity method allows to describe qual-
itatively the source mechanism and gives comparable results to 
moment tensor inversion (Graham et al. 2010). In our system, 
negative polarity indicates material compression, and positive 

Fig. 5   Example acoustic emission events and polarity analysis; a 
seven sensors recorded good quality arrivals, four positive and 3 
negative, average polarity is equal to 0.143, event classified as shear, 
b six sensors recorded good quality arrivals, all positive, the aver-
age polarity equals 1, event classified as tensional, c eight sensors 

recorded good quality arrivals, two positive and six negative, average 
polarity equals − 0.5, event classified as compressional. Gray wave-
forms excluded from the polarity analysis because of insufficient 
quality
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polarity extension. Thus, for events with at least six properly 
assessed polarities, we calculated the average polarity:

(10)pol =
1

k

k
∑

i=1

sign(Ai),

where Ai is the amplitude of first motion at ith sensor. 
Finally, we classified the events assuming that the polarity 
is below − 0.25 for compressional events (C), is between 
− 0.25 and 0.25 for shear (S), and is higher than 0.25 for ten-
sile events (T). Figure 5 presents examples of the waveforms 
and polarity analysis.

Fig. 6   Snapshots of the borehole camera recording for Ber3 sample. Videos for Ber3 and Ber6 samples available in supplementary materials. 
The highlighted frame is the time when the AE events begin as shown in Fig. 7 (Ber3)
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5.2 � Onset of Breakout Determination

The moment of breakout initiation was investigated using 
acoustic emission signals and, for the room-temperature 
tests, using the borehole wall video recordings.

The video images were first compared to acoustic emis-
sion characteristics to establish a method for picking the 
onset of breakout. The visible failure on the borehole wall 
appeared a moment after tensile and shear events started to 
appear, and the AE energy rate increased. We did not record 

video for heated tests because the borehole was occupied by 
heater element. However, since the AE characteristics were 
similar to room-temperature tests, we were able to constrain 
the onset of breakout based on the onset of tensile and shear 
events as well as the onset of AE energy rate increase. Snap-
shots of the video captured for Ber3 are presented in Fig. 6. 
The overview of AE based breakout picking is presented 
in Fig. 7. For the Berea sandstone samples, the number of 
recorded events was large and allowed us to constrain the 
polarities and the released energy. For Niagaran dolomite 

Fig. 7   Onset of breakout determination for the Berea sandstone sam-
ples. The curves show cumulative acoustic emission pseudo-energy 
(amplitude of first arrival squared), cumulative count of compres-
sional (C) events, cumulative count of shear (S) events, and cumu-
lative count of tensile (T) events. All curves are normalized and the 

vertical axis represents the fraction of emitted energy or overall num-
ber of events. The black line and timestamp indicates the picked onset 
of breakout—hoop stress at this picked time is used as BCS in subse-
quent calculations
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samples the number of events were relatively small, and 
polarity analysis was not possible. Therefore, breakout onset 
picking was done based only on the cumulative count of all 
events within the breakout zone.

5.3 � Thermal Stress Calculation

To calculate the thermally induced borehole stresses during 
the heated experiments, information on the borehole wall 
temperature is needed (Eq. 9). Because direct measurement 
of the borehole wall temperature is difficult, we estimated 
the borehole wall temperature by extrapolating the rock tem-
perature measured by the array of thermocouples at several 
distances from the borehole wall. This was done by: (1) 
calculating the radial temperature profile using a radially 
symmetric heat conduction model, discretized using finite 

differences, with a linearly increasing heat flux boundary 
condition at the borehole wall, (2) inverting for the appro-
priate heat flux increase rate by minimizing the temperature 
residual, and (3) determining the corresponding borehole 
wall temperature in the optimized model. An example of a 
resulting fit to the temperature data is shown in Fig. 8 for 
the Ber5 sample.

Because a constant voltage was supplied to the heater 
during the experiment, we first considered using a constant 
heat flux boundary condition at the borehole wall to fit the 
temperature data. However, such boundary condition does 
not reproduce the qualitative features of the temperature 
data. As indicated by the gray dashed and dotted curves in 
Fig. 8, the concavity of the predicted temperature rise does 
not match the data. As a result, the constant flux model over-
estimates the temperature rise initially, but later underesti-
mates the rock temperature.

The heat flux increased with time most likely due to 
increased thermal radiation. Because the heater was not in 
contact with the borehole wall (there was an approximately 3 
mm gap), conduction and radiation were the dominant mech-
anisms of heat transfer. Ignoring convection, heat conduc-
tion through air is proportional to the temperature difference 
between the heater and the borehole wall. Radiation heat flux 
is proportional to the temperature difference raised to the 
power of 4 according to the Planck’s law. Therefore, as the 
Incoloy sheath temperature increased faster than the bore-
hole wall temperature, heat transfer rate also increased over 
time. The exact trend of how the heat flux increases over 
time is difficult to constrain as it involves various nonlinear 
factors such as, increase in resistance of the Nichrome heater 
element with temperature, convection of the air between 
the heater and the rock, heat transfer between the Nichrome 
heater element and the Incoloy sheath. However, a linearly 
increasing heat flux is a more plausible boundary condition 
than a constant heat flux model. Figure  8 also shows that 
the increasing heat flux model fits the data remarkably well 
up to 900 seconds, which is well after the onset of breakout 
formation.

The borehole wall temperature was used to calculate the 
thermal stress using Eq. (9), using average elastic param-
eters presented in Table  1, and linear thermal expansion 
coefficient equal to 1.48 ⋅ 10−5�∕K for Berea sandstone, 
and 1.51 ⋅ 10−5�∕K for Niagaran dolomite. The magnitude 
of induced thermal stress was equal to 0.4 and 1.4 MPa per 
degree Celsius, for Berea sandstone and Niagaran dolo-
mite, respectively.

5.4 � True‑Triaxial Experimental Data Overview

The analyzed data set consists of four pairs of room- and 
elevated-temperature tests at the same minimum horizon-
tal stress and vertical stress values: three Berea sandstone 

Fig. 8   Thermocouple measurement extrapolation to the borehole 
wall, example from Ber5 sample. Colored curves show the ther-
mocouple measurements, the black line shows the borehole wall 
extrapolation. The numbers with arrows indicate distance of each 
thermocouple from the borehole wall. Bottom subplots show snap-
shots of temperature distribution as a function of distance from the 
borehole wall. Gray dashed and dotted lines indicate examples of data 
fits using constant heat flux with two different magnitudes (at the top 
subplot showing the borehole wall extrapolation); regardless of the 
applied magnitude, this model does not fit the experimental dataset 
(color figure online)
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sample pairs, and one Niagaran dolomite pair. An overview 
of the experiments is given in Table 2.

5.4.1 � Berea Sandstone Samples

Clear breakout structures developed in all tested samples 
along the entire length of the borehole wall at the azimuth 
of minimum horizontal stress. Granular and porous structure 
of the rock promoted slip and grain rearrangement, resulting 
in high number of recorded AE events.

In the room-temperature tests the breakout developed at 
hoop stress (BCS) equal to 130.7, 139.9 and 131.3 MPa, for 
Ber2, Ber3 and Ber6 samples, respectively. It corresponds to 
respective BCS to UCS ratios equal to 2.2, 2.3 and 2.2. In 
elevated-temperature tests the breakout developed at hoop 
stress equal to 121.2, 127.2, and 112.2 MPa, for Ber5, Ber7, 
and Ber4 samples, respectively, resulting in BCS/UCS equal to 
2.0, 2.1 and 1.9. Thus, in general the thermal breakouts seem 
to develop at a slightly lower circumferential stress compared 
to room-temperature breakouts. It suggests that the axial (inter-
mediate) stress �zz does not have a large strengthening effect. 
However, the uncertainty of thermal stress estimation does not 
allow for definitive statements.

5.4.2 � Niagaran Dolomite Samples

Because of the very high strength, Niagaran dolomite sam-
ples did not develop clear breakout structures along the entire 
borehole height for any of the samples. Breakouts were either 
very shallow, or developed on short intervals of the borehole 
height. Here, we report results from the two experiments out of 
eight that gave the best results. The room-temperature experi-
ments were performed on shorter samples (152.4 mm, 6 in.) 
compared to heated experiments (203.2 mm, 8 in.) to achieve 
higher horizontal stress magnitudes. The number of recorded 
acoustic emission events was small compared to tests on Berea 
sandstone.

In the room-temperature Nia4 test the breakout formed at 
hoop stress (BCS) ��� of 414.4 MPa, while in the heated Nia6 

experiment breakout was observed at ��� equal to 531.6 MPa. 
Such big discrepancy may be explained by the fact that in 
room-temperature test, the breakout only developed close to 
the top surface of the block and edge effects promoted failure. 
In addition, rock strengthening might have occurred due to the 
significant increase in the intermediate stress—the axial stress 
�zz . Note that in the heated dolomite test, the final axial stress 
�zz was about 250 MPa greater than the room temperature test, 
which is about 60% of the BCS value of 414.4 MPa recovered 
from the Nia4 test. On the other hand, for the Berea sandstone 
tests, the final axial stresses were about 30–45 MPa greater 
than the room temperature tests, which is only about 25–35% 
of the BCS of the Berea sandstones (Table 2). Therefore, we 
expect that the strengthening effect was more pronounced in 
the heated dolomite experiments, although we do not deal with 
the effect of the intermediate principal stress on rock strength 
in this study for simplicity. The resulting BCS to UCS ratios 
were equal to 1.6 and 2.1, for Nia4 and Nia6, respectively.

6 � Discussion

The development and validation of the thermal breakout 
method for maximum horizontal stress estimation requires a 
careful examination of the appropriate rock strength criteria 
and any size effects on rock strength.

In the following subsections, we first review some 
selected polyaxial strength criteria which may be used 
in borehole strength assessments. We then discuss size 
effects of borehole strength seen in laboratory experi-
ments. Next, we derive the thermal breakout equation and 
discuss sources of errors in the stress estimation. In the 
last subsection, we briefly address the field application of 
the method.

Table 2   Overview of true-
triaxial breakout experiments; 
all stress magnitudes in MPa, 
temperature change ΔT  in ◦C

The UCS measured in triaxial compression tests was equal to 259.3 and 59.9 MPa, for Niagaran dolomite 
and Berea sandstone, respectively

Sample �H �h �v ��� (BCS) �zz ΔT

Ber2 47.0 10.3 10.3 130.7 24.2 0.0
Ber5 26.0 10.3 11.0 121.2 70.5 146.3
Ber3 53.4 20.3 20.0 139.9 32.6 0.0
Ber7 35.3 18.0 20.0 127.2 65.7 107.1
Ber6 50.5 20.3 10.0 131.3 21.5 0.0
Ber4 31.3 20.3 10.0 112.2 52.8 105.7
Nia4 141.5 10.3 10.0 414.4 75.6 0.0
Nia6 87.9 10.0 10.0 531.6 326.9 184.1
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6.1 � Polyaxial Strength Criteria

As was pointed out in Sect. 2.2 the simple Mohr–Coulomb 
criterion is most commonly used in borehole strength predic-
tion. In this approach, the strength depends on the minimum 
and maximum principal stresses only. However, it is well-
known in the literature that the intermediate stress can have a 
significant influence on the strength of rock specimens (e.g. 
Mogi 1971; Haimson and Chang 2000; Chang and Haimson 
2000; Ingraham et al. 2013; Ma and Haimson 2016; Lee and 
Haimson 2011). In polyaxial experiments, peak strength �1 is 
obtained as a function of �2 for various constant levels of �3 . 
The experimental protocol starts with a conventional triaxial 
compression stress state of 𝜎1 > 𝜎2 = 𝜎3 . The peak value of 
�1 increases with increasing �2 , reaches a maximum, and 
then decreases as the stress state approaches a conventional 
triaxial extension stress state of 𝜎1 = 𝜎2 > 𝜎3 . A detailed 
description of various polyaxial strength criteria is outside 
the scope of the present work and only a few of them will 
be briefly presented.

Nadai (1950) proposed a general form of a criterion 
where the critical shear octahedral stress �oct is a function 
of the normal octahedral stress �oct:

where

If one takes a linear relation between these quantities, the 
linear Nadai criterion is equivalent to the one developed 
by Drucker and Prager (1952). In this criterion the failure 
surface is a circle on the deviatoric plane, and therefore it 
overestimates the influence of �2 , and can be suitable for 
pressure dependent ductile materials, and not brittle rocks. 
Mogi (1971) observed that his true-triaxial strength results 
are much better aligned when plotted in �oct − �m,2 space 
rather than in �oct − �oct space. Here �m,2 is called the mean 
effective stress (Al-Ajmi and Zimmerman 2005) and it is 
given by:

It is important to note, however, that �m,2 is an empirical 
parameter and the Mogi criterion can give non-physical 
predictions where the �1 = f (�2) relation is non-unique and 
as a consequence, unloading may lead to failure (Ma and 
Ingraham 2018). Furthermore, if we restrict the analysis to 
polyaxial states with �3 = 0 as is common for the borehole 
wall example, all the possible stress states in the �oct − �m,2 

(11)�oct = f (�oct),

�oct =
1

3

√

(�1 − �3)
2 + (�1 − �2)

2 + (�2 − �3)
2,

�oct =
1

3
(�1 + �2 + �3).

(12)�m,2 =
�1 + �3

2
.

space fall within a narrow wedge, with the upper bound 
equal to �oct = (2

√

2∕3)�m,2 , and lower bound equal to 
�oct = (

√

2∕3)�m,2 . Such properties of the �oct − �m,2 space 
result in apparent linear alignment of experimental data on 
borehole wall strength, which could otherwise, for instance 
in �oct − �oct space, or �1 − �2 space, form a scattered cloud 
of data points (Song and Haimson 1997, Figs. 5 and 6). 
Therefore, we have reservations about the use of the Mogi 
criterion in analyzing stress conditions leading to borehole 
wall failure.

Different failure criterion, commonly referred to as the 
modified Wiebols–Cook, has been proposed by Zhou (1994), 
and used in breakout analysis by Chang et al. (2010). The 
derivation and formulas can be found in the original paper, 
and here we focus on the main properties only. The modified 
Wiebols–Cook criterion is calibrated with Mohr–Coulomb 
so that the results from compression and extension tests 
and its corresponding parameters are used in the polyaxial 
strength estimation. Therefore, it is assumed that:

where C0 is the UCS, C1 is the strength at �1 = �2 , �3 = 0 , 
and q is given by (7). The intermediate polyaxial strength 
between compression and extension at constant level of �3 
is a quadratic function of �2 . The parameter C1 is crucial 
for correct strength assessment, but it is not commonly 
measured. Chang et al. (2010) assumed that C1 is a function 
of UCS and coefficient of internal friction. The polyaxial 
experimental data suggest, however, that C1 can be either 
higher, lower or similar to UCS, and it is difficult to propose 
a universal relation from the limited data available in the 
literature.

A modified Lade criterion was proposed by Ewy (1999), 
following a similar approach of matching Mohr–Coulomb 
parameters with a polyaxial strength criterion developed by 
Lade and Duncan (1975). However, as with the modified 
Wiebols–Cook criterion, it is not possible to reliably con-
strain the criterion using only conventional triaxial compres-
sion strength results.

The brief survey of polyaxial strength data and failure 
criteria shows that the intermediate stress has an important 
influence on strength, and that there are several formula-
tions to account for that effect. It is impractical however, to 
run laborious true-triaxial strength tests for each engineer-
ing problem. Therefore, it is important to provide a method 
that can relate conventional strength properties derived from 
tests on cylindrical samples and polyaxial strength proper-
ties. The above mentioned criteria, modified Wiebols–Cook 
and modified Lade, attempt to provide such link, but require 
the use of assumptions that do not hold universally. We con-
clude, therefore, that the conventional triaxial compression 

(13)
�1 = C0 + q�3 conventional triaxial compression,

�1 = C1 + q�3 conventional triaxial extension,
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strength results are not enough to reliably constrain the 
parameters used in these polyaxial criteria.

Detailed, true-triaxial strength results are not available 
for Berea sandstone and the Niagaran dolomite tested in 
our experiments. Therefore, the assessment of intermediate 
stress influence on the ultimate strength of these rocks is 
only speculative. The results presented by Ma and Ingraham 
(2018) for high porosity sandstones similar to Berea sand-
stone, suggest that the influence of �2 on strength is mild, 
especially when �2 is below 50% of ultimate strength ( �1 ). 
Mogi (1971) presented results from true-triaxial testing of 
Dunham dolomite, which is characterized by similar UCS 
to the Niagaran dolomite. However, only uniaxial compres-
sion result is available for stress condition with �3 = 0 , thus 
the assessment of intermediate stress influence in borehole 
setting is not possible.

6.2 � Size and Stress Gradient Effects

According to Mohr–Coulomb criterion and under zero radial 
stress �rr , a borehole breakout is predicted when ��� equals 
the BCS. In theory BCS should be equal to UCS measured 
during standard tests, but experimental results in the litera-
ture show significant size effect which can be described by 
the BCS to UCS ratio (Carter 1992; Martin et al. 1994; Cuss 
et al. 2003; Meier et al. 2013; Lin et al. 2020). For small 
diameter boreholes the BCS can be several times higher 
compared to the UCS. As the borehole size increases, the 
BCS approaches the UCS magnitude. However, large bore-
hole sizes cannot be tested because of the capabilities of 
laboratory systems, and therefore, the size effect is present.

Nesetova and Lajtai (1973) explained size effect using the 
stress averaging concept. From Eqs.  (1–3) we observe that 
high stress gradients are present around the borehole and one 
end of a developing shear fracture adjacent to the borehole 
is in different stress state compared to the other end farther 
away from the wall. According to Nesetova and Lajtai (1973) 
ductile grain rearrangement effectively averages the stress over 
the length of the fracture. This characteristic length t may be 
regarded as a material property specific for a certain rock type. 
Thus, when borehole diameter is (relatively) close to the char-
acteristic length, stress averaging decreases the stress concen-
tration at the wall and the effective hoop stress at the wall is 
the average of hoop stress at r = a (Eq. 2), and at r = a + t . 
Such explanation was in agreement with field and laboratory 
results presented by Martin et al. (1994).

The stress averaging explanation of the size effect states 
that the strength of the material is stable, but the effectively 
acting stress is lower for small boreholes in laboratory scale. 
An alternative explanation states the opposite: the strength of a 
small volume comparable to the REV (representative elemen-
tary volume) of rock is higher compared to large volume. Such 
scaling relation can arise from random distribution of critical 

flaws or unavailability of optimally oriented failure planes (e.g. 
Bažant 1999). Especially in porous, granular materials the fail-
ure is expected to happen along grain boundaries which are 
usually weaker than the grains themselves. Thus, if the region 
of high stress leading to failure does not contain high enough 
number of grain contacts the material appears stronger.

Stress gradient induced by heating the borehole wall can 
contribute to apparent strengthening of the borehole wall with 
a similar mechanism to the size effect as described by Nese-
tova and Lajtai (1973). When strong temperature gradients, 
and consequently strong stress gradients, are induced around 
the borehole, the length scale of the heated rock volume dimin-
ishes. This effectively leads to the reduction of size of the ther-
mally stressed rock, leading to an apparent strengthening effect 
described above. Detailed experimental studies are necessary 
to address this issue in more detail.

In the current study, we did not analyze size effects nor 
the stress gradient effects of borehole wall strength. In our 
analysis, we used the same borehole diameter for all experi-
ments, and used the measured BCS values directly to avoid 
size effects. Heating conditions were also kept consistent to 
avoid variability in results due to temperature gradients.

6.3 � Thermal Breakout Method Derivation

The derivation of the thermal breakout equation for maximum 
horizontal stress for arbitrary failure criterion is straightfor-
ward. A general form of a failure criterion can be given as:

(14)f (�1, �2, �3) = 0.

Fig. 9   Comparison of �
H
 applied during elevated-temperature experi-

ments with predicted �
H
 calculated using (18)
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We assume that the failure starts at the point of maximum 
compression along the circumference (90◦ from the �H direc-
tion). Also, we assume that the hoop stress is the largest 
principal stress, the axial stress is intermediate, and radial 
is the least principal stress. In such case:

To derive the thermal breakout equations for an arbitrary 
criterion, we simply insert (15) to (14) and solve for �H . As 
an example, we take the classical Drucker–Prager criterion 
which can be written as:

where A and B are criterion parameters. Next, we plug the 
principal stresses given by (15) in the definitions of �oct and 
�oct , and solve for �H . The calculation is straightforward, 
although results in a lengthy expression which is not nec-
essary to explicitly present here. However, it is important 
to note that for the Drucker-Prager criterion, solving (16) 
for �H results in two possible solutions and additional dis-
cussion is required to select the appropriate one. Similar 
non-uniqueness can be present in different polyaxial failure 
criteria as well.

If the Mohr–Coulomb criterion is used the thermal break-
out formula to predict �H becomes simple and unique. Insert-
ing (15) to (7) and rearranging gives:

In our laboratory setting the rocks were tested in the absence 
of mud and pore fluids. Thus, Eq. (17) can be further simpli-
fied to:

where the uniaxial compressive strength (UCS) was substi-
tuted by the borehole compressive strength (BCS).

6.4 � Laboratory Data Validation

For each heated sample, we calculated the predicted �H 
using Eq. (18) with the BCS measured in corresponding 
room-temperature test and compared the prediction with the 
�H magnitude applied during the experiment (Fig. 9). The 
comparison shows that for the Berea sandstone samples the 
prediction error for all samples is positive (higher prediction 

(15)

�1 = 3�H − �h − 2P0 +
�E

1 − �
ΔT ,

�2 = �v + 2�(�H − �h) +
�E

1 − �
ΔT ,

�3 = ΔP.

(16)�oct = A + B�oct,

(17)�H =
1

3

[

UCS + qΔP + �h + 2P0 −
�E

1 − �
ΔT

]

.

(18)�H =
1

3

[

BCS + �h −
�E

1 − �
ΔT

]

,

than applied magnitude), and ranges from 12.1 to 20.3%. 
For the Niagaran dolomite sample the error is significant 
and reaches negative 44.5%. Such a big error is probably 
due to borehole compressive strength differences between 
the two samples, caused by the strengthening effect of the 
intermediate stress mentioned in Sect. 5.4.

In the case of Berea sandstone samples a standard error 
propagation analysis was carried out. Assuming 0.5 MPa 
error in �h and 10% error in the other parameters inserted 
to Eq. (18) the resulting prediction errors equal 6.9, 6.1 and 
5.8 MPa, for Ber5, Ber7 and Ber4 samples, respectively 
(indicated by error bars in Fig. 9). Equation (18) consists of 
three terms: the BCS, �h and the thermal stress. Unit error in 
each of these terms propagates as 1/3 in the �H estimation. 
The minimum horizontal stress is always lower in magnitude 
compared to BCS and the elastic and thermal parameters can 
be accurately measured. Therefore, most of the �H prediction 
uncertainty lies in the BCS and borehole wall temperature 
measurement.

6.5 � Other Sources of Uncertainty

Calculating the uncertainty of �H prediction is straightfor-
ward assuming Eq. (18) is correct, i.e. both the thermoelas-
tic stress model, and Mohr–Coulomb failure criterion are 
appropriate for thermal breakout modeling. However, there 
are several other sources of uncertainty that require further 
evaluation.

The thermal breakout method is intended to be applied 
for stress environments that are not compressive enough 
to develop breakouts, which is caused by the lack of �H 
magnitude in many situations. When heating occurs to 
induce breakouts, the stress state at the borehole wall is 
pushed closer to conventional triaxial extensional state 
( 𝜎1 = 𝜎2 > 𝜎3 = 0 ) because the thermal stress is added 
equally to both ��� and �zz . If wellbore failure occurs under 
such stress state, the C1 parameter (Eq. 13) may be a better 
estimate of the borehole strength rather than the C0 (=UCS). 
As was pointed out above, it is not straightforward to relate 
C0 and C1 , thus the sparsity of data on C1 poses a challenge. 
Note that this is different, for instance, when a breakout is 
induced by high �H magnitude, because in this case, ��� 
increases three times faster than �zz (if Poisson’s ratio is 
equal to 0.25) as �H increases according to Eqs. (4) and (6). 
Thus the potential importance of constraining the C1 strength 
parameter is peculiar to the thermal breakout problem.

Furthermore, the Kirsch solution for stress around bore-
hole is elastic, and does not take into acount any nonlinear 
plastic yielding that may occur prior to failure. However, 
this effect may be regarded as moderate as the stress calcu-
lation is based on the onset of breakout development in the 
proposed method.
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The thermal stress calculation (9) includes the meas-
ured thermal expansion coefficient. The coefficient is 
calculated as the slope of linear fit to measurement data, 
but some degree of nonlinearity is usually present and 
introduces additional uncertainties. For instance, the 
measurements presented in Sect.  3.3 show that � var-
ies from 1.0 ⋅ 10−5 � /K at room temperature to 1.8 ⋅ 10−5 
� /K at 300◦ C for both rock types. We used the value of 
1.5 ⋅ 10−5 � /K corresponding to a linear fit to the entire 
temperature range in our thermal stress calculations. There 
are currently no definitive explanations for the cause of 
this nonlinearity, but some speculations include minerals 
expanding into crack volume at the beginning of the meas-
urement or crack-opening that starts to occur later in the 
measurement. Note, however, that these thermal expansion 
measurements were performed with no confinement. Thus 
such nonlinear temperature effects may occur differently 
for rock constrained around a borehole. We therefore used 
an average value representing the whole temperature range 
for simplicity, but careful, detailed thermal expansion 
measurements are needed in future studies to evaluate the 
appropriate rock thermal expansion to use in calculating 
thermal stress.

Presented stress calculations rely on the radially symmet-
ric heat transfer model with negligible conduction along the 
borehole axis. In the laboratory experiments, no axial heat 
transfer was observed. However, this effect may be present 
in borehole measurements, as heating takes usually much 
longer in the field compared to laboratory experiments (sev-
eral hours compared to several minutes), and heat transfer 
along borehole axis can be more pronounced (Nopola et al. 
2020). These are the factors that could affect the accuracy of 
the thermal breakout method that require careful examina-
tion in future studies.

Breakouts are zones of compressive failure of the bore-
hole wall. However, the micromechanics of breakout defor-
mation varies among different rock types (Haimson 2007). 
Therefore, it is important to provide links between standard 
rock strength tests and borehole strength for the specific rock 
under investigation.

6.6 � Field Application

Another important discussion is how the laboratory find-
ings relate to in situ, field testing. In our project, a special-
ized borehole tool is under development and field testing 
is underway at the Sanford Underground Laboratory in 
South Dakota, United States. Several crucial elements of 
the field application need to be considered. First, because 
the borehole is filled with water or mud, radiation heat-
ing as in the laboratory will not be possible in the field. 
Thus the borehole tool is designed so that the heating pads 

contact the rock directly to apply the thermal stress to the 
borehole wall. Borehole wall temperature measurement and 
inferring the thermal stress are the most challenging tasks in 
the field application of the method. Because thermocouples 
arrays similar to the ones in our laboratory test cannot be 
installed in the field, the borehole wall temperature needs 
to be measured at the borehole wall directly. This requires 
careful design of the tool so that the measurement is not 
affected by the heating pads. These could lead to additional 
uncertainties in the estimation of the maximum horizontal 
stress magnitude.

On the other hand, analysis in multiple boreholes drilled 
in various directions could give additional constraints on 
the maximum horizontal stress magnitude. Breakout orien-
tations in boreholes misaligned with the principal stresses 
will vary depending on the magnitude ratios of the principal 
stresses according to the SFIB (stress and failure of inclined 
boreholes) equations (Peška and Zoback 1995). Such infor-
mation could help mitagate additional uncertainties specific 
to field applications. The results and discussion of the field 
research will be presented in detail in a future paper.

7 � Conclusions

Laboratory work and data analysis showed that the thermal 
breakout method provides means to add important informa-
tion about the in situ stress state. Similar to standard break-
outs, the thermally induced breakouts form at the azimuth 
of minimum horizontal stress and allow to constrain the 
direction of maximum horizontal stress. Furthermore, if the 
onset of breakout is captured and the corresponding bore-
hole temperature is measured, the thermal breakout equation 
allows to constrain the magnitude of the maximum hori-
zontal stress. The equation requires as inputs the minimum 
horizontal stress, borehole strength, elastic constants, and 
thermal properties. Among these parameters the borehole 
strength is the most uncertain, as it is a value that quantifies 
the nonlinear process of rock failure and is also sensitive to 
rock heterogeneity and anisotropy. The current challenge is 
that a two-dimensional strength criterion (i.e. Mohr–Cou-
lomb) is simple but disregards the important effect of the 
intermediate stress, whereas polyaxial strength models often 
provide nonunique solutions and are rarely available.

Another crucial element of the thermal breakout method 
is the ability to properly capture the thermal stress at the 
onset of breakout. Relying on the onset of breakout is an 
advantage over standard breakout stress analysis because it 
eliminates the need for characterizing the breakout width, a 
quantity resulting from a complicated nonlinear rock fail-
ure process. The stress estimation mostly relies on mechan-
ics described using linear elasticity. We validated through 
laboratory experiments that acoustic emission monitoring 
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is a feasible method to capture the onset of wellbore fail-
ure. Appropriate thermal conduction model is also needed 
if direct measurements of the borehole wall temperature are 
not possible. Robust borehole wall temperature measurement 
and reliable technology to detect onset of breakout failure at 
in situ conditions are the essential capabilities for a success-
ful thermal breakout borehole tool.
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