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Abstract 

 
The in-situ stress state in the earth's crust is a vital parameter in various fields of 

geoengineering and geosciences, such as resource engineering and structural geology. 

Various methods have been applied to determine the crustal stress. The anelastic strain 

recovery (ASR) method is used to measure the three-dimensional in-situ stress and can 

be applied to deep drilling up to approximately 10 km. The ASR method has been used 

in previous studies, yielding numerous successful results. 

The ASR method is mostly applied for sandstone and mudstone, and the range 

of applicable rock types has not yet been sufficiently confirmed. Additionally, the existing 

ASR analysis method requires several assumptions for the measurement, but their validity 

has not been sufficiently verified. Furthermore, the measurement accuracy has not yet 

been quantitatively evaluated.  

To address these challenges, in this thesis, the conventional stress measurement 

technique using ASR data is applied to rock types other than sandstone and mudstone in 

active fault drilling. A novel analysis procedure of ASR data based on Bayesian statistical 

modeling was proposed, and a core sample reorientation method capable of evaluating 

the reorientation quality was proposed. 

A novel reorientation method is proposed to evaluate the accuracy of the reorientation 

results. This method involved cutting out nine specimens from a single core sample and 

measuring their remanent magnetization to evaluate the reliability of the results. The 

results obtained by this method indicate the possibility of assessing the influence of 

drilling on the reorientation processes. 

A novel analysis procedure based on Bayesian statistical modeling for the ASR 

analysis is proposed to quantitatively determine the uncertainty of stress measurement. 

The validity of the procedure was verified using the simulated ASR data. The results show 

that the uncertainty of the diagonal component of the stress tensor is larger than that of 

the non-diagonal component. Sensitivity analysis was conducted to investigate this 

difference. The results of the sensitivity analysis indicated a certain correlation between 

the sensitivity of the parameter and the uncertainty of the parameter inference. 
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The proposed ASR procedure is also applied to real ASR data to confirm its 

applicability. Markov chain Monte Carlo (MCMC) simulations converged for all inferred 

parameters of all the samples analyzed in this study. The principal stress orientations as a 

result of stress measurements by hydraulic fracturing and borehole breakout methods are 

compared with those obtained by the novel procedure; similar results are obtained by all 

three methods. Additionally, the comparison of the magnitude of minimum horizontal 

principal stress obtained by the hydraulic fracturing method with the results obtained by 

the novel procedure also shows consistent results. These results indicate that this method 

can be applied to real ASR data. 

Stress measurements using the conventional ASR method were conducted near 

the Futagawa Fault, one of the source faults of the 2016 Kumamoto earthquakes. The 

measurements were successfully conducted on six rock core samples, including a 

conglomerate rock. The results indicate that the normal faulting stress regime is dominant 

near the Futagawa Fault. The results indicating that the post-earthquake stress state is the 

normal faulting stress regime is consistent with those of stress measurements in the area, 

which were obtained using hydraulic fracturing and focal mechanism analysis. 

Furthermore, the direction of minimum horizontal principal stress is almost orthogonal to 

the strike of the Futagawa Fault, indicating that the horizontal shear stress that causes 

lateral slip on the fault plane is small. 

The novel ASR analysis procedure proposed and the results obtained in this study 

are expected to contribute to research and practice in various fields of earth engineering, 

such as underground resource development and an array of earth science fields, such as 

structural geology. 
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Chapter 1  

 

Introduction 

 

 

1.1 Motivation 

 
The in-situ stress state in the earth's crust is a vital parameter in various fields of 

geoengineering and geosciences, such as resource engineering and structural geology 

(Haakon, 2016; Zoback, 2007). Various methods have been proposed to determine the 

crustal stress, such as the focal mechanism analysis, borehole breakout analysis, hydraulic 

fracturing method, and methods using core samples (hereinafter called core-based 

methods) (Amadei & Stephansson, 1997). In general, core-based methods are 

advantageous in terms of the cost and simplicity of measurement, and their applications 

have increased in recent years. The anelastic strain recovery (ASR) method, a core-based 

method, is a three-dimensional stress measurement method that can be applied to deep 

drilling up to approximately 10 km. The ASR method is mostly applied for sandstone and 

mudstone, and the range of applicable rock types has not yet been sufficiently confirmed. 

Additionally, the existing ASR analysis method requires several assumptions in the 

analysis, but their validity has not been sufficiently verified. In this thesis, the author 

focuses on solving such problems of the ASR method for its improvement. 

 

1.2 Outline of the thesis 

 
This thesis consists of eight chapters, the outline of which is as follows. Chapter 2 reviews 
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existing stress measurement methods. A wide range of in-situ stress measurement 

methods have been proposed so far. Stress measurement methods can be categorized from 

various perspectives, and in this thesis, the methods are categorized into two groups: 

"core-based methods" and "non-core methods.” The core-based methods include the 

anelastic strain recovery (ASR) method and the diametrical core deformation analysis 

(DCDA) method etc., which measure stresses using laboratory tests on drilled rock core 

samples. Non-core methods include the borehole breakout and drilling induced tensile 

fracture (DITF) analysis, hydraulic fracturing, and other methods wherein the 

measurement equipment is lowered into the borehole. The measurement of crustal stress 

is more difficult and less accurate than that of physical properties such as the strength, 

elastic modulus, thermal conductivity, and resistivity. Therefore, it is desirable to combine 

several measurement methods for a certain drilling project. By using the stress 

measurement methods detailed in this chapter to complement the ASR method, it is 

possible to obtain more accurate stress measurements. 

Chapter 3 describes the basic principles, hypotheses, and theoretical equations 

of the ASR method, which is a core-based methods and the subject of this study. 

Subsequently, the existing analytical methods used in previous studies and problems are 

described in detail. In general, strain recovery occurs in rock core samples immediately 

after drilling because of the in-situ stress release. Strain recovery can be classified into 

two categories. The first is the elastic strain recovery that completes instantaneously on 

stress release. The second is anelastic strain recovery (ASR), which starts on stress release 

and gradually recovers over several days. As the name suggests, the ASR method is based 

on the ASR that occurs in drilling core samples. This method has a clear theoretical basis 

and is highly applicable to large depths up to approximately 10 km, where implementing 

the non-core method is difficult, and is expected to enable stress measurement in regions 

with complex stress fields such as subduction zones. 

Chapter 4 describes the core reorientation required when using core-based 

methods. In order to determine the in-situ principal stress directions using core-based 

methods, the in-situ orientation information of the core sample is required. However, the 

core sample is rotated during drilling and the orientation information is lost; therefore, it 
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is necessary to recover the orientation through a process called core reorientation. Rock 

remanent magnetization, especially natural remanent magnetization (NRM), has been 

used for core reorientation in previous studies. However, the objective evaluation of the 

quality of the results cannot be conducted with the reorientation method used in these 

studies. To rectify this problem, the author proposed a method to cut out nine specimens 

from a single core sample and measure the remanent magnetization of eight of them to 

evaluate the reliability of the results. In this chapter, the results of the application of this 

method to semi-pelagic sediment samples collected off Cape Muroto, Kochi Prefecture, 

during Expedition 370 of the International Ocean Discovery Program (IODP), were 

reported. Additionally, the effect of secondary remanent magnetization due to drilling on 

the orientation of the core was examined, and an approach for data quality evaluation was 

described. The orientation of core samples is an essential technique not only in the field 

of stress measurement using core-based methods but also in that of geological structural 

analysis, and the results of this chapter are expected to have a significant impact. 

In Chapter 5, the author proposes a novel analysis method for the ASR method. 

A problem of stress measurement is the difficulty in evaluating the uncertainty of the 

measurement results. Uncertainty quantification (UQ) is a potential solution for this 

problem. Bayesian statistical modeling, which is an uncertainty evaluation method, 

facilitates the evaluation of uncertainty even with less measurement data by utilizing the 

information obtained separately from the ASR measurement. Therefore, its effectiveness 

has been confirmed in fields such as earth and planetary sciences and rock mechanics, 

where the measurement data generally tends to be scarce. Conversely, no previous studies 

have been conducted on the application of uncertainty evaluation to stress measurement. 

In this study, the author aims to develop a new analysis method for the ASR method that 

can evaluate the uncertainty based on Bayesian statistical modeling. In this chapter, the 

validity of the novel method is verified using simulated ASR data. The results show that 

the uncertainty of the diagonal element of the stress tensor is larger than that of the non-

diagonal element. Sensitivity analysis was conducted to examine the cause of this 

phenomenon. By using the method proposed in this chapter, it is possible to quantitatively 

evaluate the uncertainty of the stress measurement results. 
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Chapter 6 describes the results of applying the novel analysis procedure 

described in Chapter 5 to a real ASR dataset. The ASR data used were obtained from eight 

samples obtained in the vicinity of the Nojima Fault, the source fault of the 1995 Mw 6.9 

Kobe earthquake. Markov chain Monte Carlo (MCMC) simulations converged for all the 

inferred parameters of the eight samples. Borehole breakout analyses and hydraulic 

fracturing tests were conducted in the same and adjacent boreholes from which the core 

samples were obtained. A comparison of the direction of maximum horizontal principal 

stresses showed that all three methods had similar trends. Additionally, a comparison of 

the minimum horizontal principal stress values obtained by the hydraulic fracturing 

method and the results of this study also showed similarity. The results of this study 

indicate that this method can be applied to real data. Further application of this method to 

other regions and different rock types will be desirable in the future, and verifying the 

accuracy of the newly proposed method is also necessary. 

In Chapter 7, as an example of the application of the ASR method to rocks others 

than sandstone and mudstone, the results of stress measurements on rocks, including 

pyroclastic flow deposits and andesite near the Futagawa Fault (the source faults of the 

2016 Kumamoto earthquake mainshock), are described. The stress state in the source 

region is a critical parameter when considering the rupture mechanism and slip behavior 

of an earthquake’s source fault. In this study, the conventional ASR method was applied 

to a total of 20 rock core samples obtained from boreholes penetrated through the 

Futagawa Fault, and in-situ stress measurements after earthquakes were successfully 

conducted on six samples. The results show that a normal faulting stress regime, wherein 

the vertical stress is the maximum principal stress (𝜎1), is dominant near the Futagawa 

Fault after the earthquake. This suggests that the maximum principal stress, inferred to 

have been in the horizontal plane before the earthquake, was significantly reduced by the 

strike-slip faulting movement during the earthquake. The results suggesting that the post-

earthquake stress state is a normal faulting stress regime is consistent with those of stress 

measurements in the area, which were obtained by the hydraulic fracturing and focal 

mechanism analysis (Kyoto University, 2018; Yoshida et al., 2016; Yu et al., 2019). 

Additionally, the direction of minimum horizontal principal stress (𝑆hmin ) determined 
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from the ASR measurements is almost orthogonal to the strike of the Futagawa Fault, 

indicating that the horizontal shear stress causing lateral slip on the fault plane is small. 

Finally, in Chapter 8, a summary of this thesis is provided in conclusion. In this 

study, both experimental and simulation studies were conducted to solve the problems of 

the existing ASR method. This study suggests that the ASR method can be applied to a 

wider range of rock types, not limited to sedimentary rocks such as sandstone and 

mudstone. Additionally, by applying Bayesian statistical modeling to the ASR method, 

an effective approach to quantitatively evaluate the uncertainty of measurements and 

significantly improve the reliability of the measurement results was provided for the first 

time. The results of this study are expected to contribute to research and practice in 

various fields of earth engineering, such as underground resource development and an 

array of earth science fields, such as structural geology. 
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Fig. 1-1 Structure of this thesis. Roman numbers shown in this figure indicate the published, accepted 

(in-press) and in-preparation papers on these topics mentioned in each chapter (I: Sugimoto 

et al., 2020; II: Sugimoto et al., in press (a); III: Sugimoto et al., in prep; IV: Sugimoto et al., 

in press (b)).  
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Chapter 2  

 

Review of In-situ Stress Measuring 

Methods 

 

 

2.1 Why in-situ stress measurements? 

 
In this section, the methods of in-situ stress measurement are described. In this study, the 

in-situ stress is defined as the present stress. In-situ stress measurement is a vital aspect 

of various geoengineering and geoscience fields. Understanding the stress state is 

important for high efficiency and safety, especially in oil and gas development or 

underground space utilization. 

The stress state can be estimated to a certain extent. For example, in regions with 

flat ground surfaces and horizontal strata, vertical stress is considered to be one of the 

principal stresses. Additionally, a certain relationship is known to exist between stress in 

the horizontal plane and vertical stress (Amadei & Stephansson, 1997). 

Several previous studies have proposed relationships between the depth and 

magnitude of vertical stress or the ratio of magnitudes of vertical stress and mean 

horizontal stress, based on the measured data in different regions of the world (Haimson, 

1975; Hast, 1969, 1973; Rummel, 1986; Ove Stephansson, 1993; Zoback & Healy, 1992). 

As an illustrative example, Fig. 2-1 shows the variations in vertical stress and the ratio of 

the mean horizontal stress to the vertical stress with depth for different regions of the 

world, as proposed by Brown and Hoek (1978). In this chapter, all stresses are total 
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stresses, unless stated otherwise. Notably, the compressive stresses and extensional strain 

and displacement are defined as positive. 

 

 

Fig. 2-1 (a) Plot of vertical stress against depth, z, below the surface; (b) variation of the average 

horizontal to vertical stress ratio with depth (After Brown & Hoek, 1978). 

 

In regions with a flat topography, the “static” vertical stress can be approximated 

with high accuracy using the overburden weight 𝜌𝑔𝑧, calculated using the rock density 
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profile. Fig. 2-1(a) plots the values of the vertical stress 𝜎v measured in many regions, 

including the straight line expressed by 𝜎v = 𝜌𝑔𝑧  when 𝜌 = 2.7 × 103 kg/m3 . This 

figure shows that the vertical stress can be expressed using the value of the overburden 

weight to some extent. 

Alternatively, horizontal stresses are generally discussed based on the ratio of 

the magnitudes of the horizontal and vertical stresses: 

 𝐾 = 𝜎Ha/𝜎v, (2-1) 

where 

 

 𝜎Ha =
(𝑆Hmax + 𝑆hmin)

2
 (2-2) 

 

is the averaged horizontal stress, and 𝑆Hmax and 𝑆hmin are the maximum and minimum 

horizontal stresses, respectively. Assuming that: (1) the rock mass is an ideal, 

homogeneous, linearly isotropic continuous half-space with a horizontal surface, (2) the 

rock mass is under the influence of gravity alone with vanishing horizontal displacements, 

and (3) the loading history has no influence on how the in-situ stresses build up, 𝜎Ha can 

be expressed by: 

 

 𝜎Ha = 𝐾𝜎v (2-3) 

 

where  

 

 𝐾 =
𝜈

1 − 𝜈
 (2-4) 

 

and 𝜈 is Poisson’s ratio of the rock formation. In particular, it is expected that the stress 

in the horizontal plane increases linearly with depth along with the vertical stress. 

However, Fig. 2-1(b) shows that the ratio of the magnitudes of horizontal and vertical 

stress varies greatly with depth.  
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As Fig. 2-2 shows, there are many factors controlling the in-situ stress. For 

example, tectonic stress, one such factors affecting the in-situ stress, is controlled by a 

combination of various factors associated with plate motion (Fig. 2-3). Therefore, the 

stress state explained based only on the current geological conditions or some past events 

is incomplete. Therefore, to obtain the true in-situ stress, it is necessary to conduct in-situ 

stress measurements. From this perspective, many stress measurement methods have been 

proposed. 

 

 

Fig. 2-2 Terminology of in-situ stress. (Modified from Amadei & Stephansson, 1997).. 
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Fig. 2-3 Stress sources composing the tectonic stress. (After Zoback et al., 1989).. 

 

Many in-situ stress measurements are conducted under the assumption of a two-

dimensional stress state wherein one of the principal stresses becomes a vertical stress. 

However, there is no guarantee that this assumption holds in geological formations with 

complex structures such as faults. Therefore, conducting three-dimensional stress 

measurements such as the ASR method is necessary to determine stresses more precisely. 

The following provides an overview of existing stress measurement methods. 
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2.2 Methods of in-situ stress measurements 
 

In this section, I review the methods of in-situ stress measurements used today. These 

methods can be classified according to several aspects. In this thesis, methods are 

classified as core-based or non-core-based. Core-based methods determine the in-situ 

stress using rock core samples retrieved from boreholes. Non-core-based methods 

determine the in-situ stress based on the information obtained without rock core samples, 

such as from borehole images, pressure data of hydraulic fracturing in boreholes, and 

seismic wave velocities from vertical seismic profiles (VSPs). 

 Core-based methods include the ASR method, DCDA, differential strain curve 

analysis (DSCA), deformation rate analysis (DRA), acoustic emission (AE), core disking, 

and others. Conversely, non-core-based methods include hydraulic fracturing, borehole 

breakout method, drilling induced tensile fracture (DITF) analysis, focal mechanism 

solution, over-coring, and others. In the following sections, the details of the DCDA, ASR 

method, hydraulic fracturing method, and borehole breakout method, which are relevant 

to this study, are described among these stress measurement methods. 

 

2.2.1 Core-based method 

 

In core-based methods, the in-situ stress is determined by conducting laboratory 

tests on the drilled core. In this section, the DCDA and ASR methods, which are stress 

measurement methods based on the strain recovery of the rock, are described. When a 

core sample is drilled and released from the in-situ stress, elastic and anelastic strain 

recoveries occur in the core sample. The DCDA and ASR method use the former and 

latter strain recoveries, respectively, for the in-situ stress measurement (Fig. 2-4). 

The ASR method evaluates stress by measuring the ASR of a core sample after 

stress release by drilling. ASR is relatively small and requires high measurement accuracy 

(~10 μstrain). One feature of this method is that the three-dimensional stress can be 

determined with a single rock core sample. This method is applicable to rock types with 
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large ASR. The problem is its inapplicability to rock types with significant anisotropy. 

Additionally, the measurement must be conducted immediately after the stress release, at 

or near the site; therefore, it is subject to the drilling schedule. 

When a rock core sample is released from anisotropic in-situ stresses by drilling, 

the cross-sectional shape of the core, which is initially a circle, becomes an ellipse. The 

DCDA method regards the direction of the major axis of the ellipse as the direction of the 

maximum horizontal principal stress. The difference between the lengths of the major and 

minor axes can be used to evaluate the difference between the magnitudes of maximum 

and minimum horizontal principal stresses. The measurement is simple and 

nondestructive. One problem of this method is the high dependency of the measurement 

to the quality of the core surface. Additionally, the current method does not consider the 

anisotropy of the rock. 
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Fig. 2-4 Two strain recoveries occuring on a drillied rock core sample: elastic and anelastic strain 

recoveries. 

 

Diametrical core deformation analysis (DCDA) 

The DCDA method (Funato & Ito, 2017; Ito et al., 2013) is a two-dimensional stress 

measurement method wherein the core axis is assumed to be one of the principal stresses. 

The DCDA method can determine the directions of maximum and minimum principal 

stresses, and the difference between the maximum principal stress and the minimum 

principal stress in the plane orthogonal to the core axis. In the case of vertical drilling, 

they are the maximum and minimum horizontal stresses, respectively. As mentioned 

above, the DCDA method determines the stress based on the elastic strain recovery that 

occurs in the drilled core sample. Elastic strain recovery is completed instantaneously on 
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drilling; thus, measurement using strain gauges is not possible. Therefore, the DCDA 

method cannot directly measure the amount of elastic strain recovery, but instead uses the 

deformation generated by the stress release during drilling to determine the stress. 

 The measurement principle is as follows: in a plane perpendicular to the core 

axis, the magnitudes of maximum and minimum principal stresses are generally different; 

thus, the amount of elastic strain recovery generated by the stress release also differs 

depending on the stress magnitudes. Therefore, the cross-sectional shape of the core 

sample after drilling is elliptical. If the rock can be assumed to be an isotropic elastic body, 

the displacement in the direction of maximum principal stress will be the largest and the 

that in the direction of minimum principal stress will be the smallest (Fig. 2-5). 

 

 

Fig. 2-5 Elastic strain recovery caused by in situ stress release (After Ito et al., 2013). 

 

Therefore, if the core sample can be reoriented, the horizontal principal stress 

direction can be determined by the DCDA method. Assuming that the rock constituting 

the core sample is an isotropic homogeneous elastic body, the differential stress can be 

obtained by using the difference between the major and minor axes as follows: 
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 𝑆Hmax − 𝑆hmin =
𝐸

1 + 𝜈

(𝑑max − 𝑑min)

𝑑0
≈

𝐸

1 + 𝜈

(𝑑max − 𝑑min)

𝑑min
, (2-5) 

 

where 𝑆Hmax and 𝑆hmin are the maximum and minimum horizontal principal stresses, 

respectively, 𝐸 and 𝜈 are the Young’s modulus and Poisson’s ratio of the rock core, and 

𝑑max , 𝑑min , and 𝑑0  are the maximum, minimum, and original diameter of the cross 

section of the rock core, respectively. The original diameter 𝑑0 is the diameter before 

the deformation caused by the elastic strain recovery and cannot be measured after drilling. 

In actual measurements, neglecting the difference between 𝑑0 and 𝑑min does not cause 

a significant difference in the measurement results. Therefore, in previous studies, 𝑑min 

was used instead of 𝑑0. 

Fig. 2-6 shows a schematic diagram of the measuring system for the DCDA 

method. 

 

Fig. 2-6 Measuring system of the DCDA method (After Funato & Ito, 2017). 

 

The DCDA method is simple and non-destructive, and can thus easily be applied to many 
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core samples to obtain considerable data. 

 

Anelastic strain recovery method (ASR method) 

The ASR method is a method of stress measurement based on the ASR in core samples. 

This method is the main subject of this study and is described in detail in Chapter 3. 

 

 

2.2.2 Non core-based method 

 

Owing to the classification of stress measurement methods in this thesis, various stress 

measurement methods are classified into non-core-based methods. In this section, we 

focus on the hydraulic fracturing and borehole breakout methods, which are the two most 

frequently used methods and are relevant to this study. 

In the hydraulic fracturing method, mud pressure is applied to a drilled borehole 

to fracture the borehole wall. One of the features of this method is that the stress 

magnitudes are measured directly by the mud pressure; therefore, the reliability of the 

measurement of the minimum principal stress in the horizontal plane is relatively high. 

The problems of this method are that: (i) the measured values of maximum principal stress 

are not as reliable, (ii) a collapse of the borehole wall makes it impossible to conduct the 

measurement, and (iii) as the depth increases, conducting the measurement can become 

difficult. 

The borehole breakout method conducts stress measurements based on 

compressive (breakouts) and tensile fractures (DITF) that occur in the borehole wall as a 

result of drilling. One feature of this method is its ease while being applied to large depths. 

Additionally, when borehole breakout or DITF occur, they can be observed at many 

points; therefore, it is easy to obtain the depth profile of stress, and obtaining relatively 

reliable data by statistical processing is possible. One problem with this method is that it 

cannot be applied without the occurrence of breakout and DITF.  
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Hydraulic fracturing method 

Hydraulic methods of in-situ stress measurements can determine the in-situ stresses by 

isolating a short section in a borehole and applying a hydraulic pressure on its wall. 

Hydraulic methods can be divided into three subgroups: the hydraulic fracturing method, 

sleeve fracturing method, and hydraulic tests on pre-existing fractures (HTPF). One 

advantage of the hydraulic methods is that they can be used to determine the in-situ stress 

without knowledge of the rock deformation properties. While applying the hydraulic 

fracturing method and sleeve fracturing method, the borehole direction is required to be 

the direction of one of the principal stresses. Conversely, the HTPF method does not 

require this assumption. In this thesis, only fundamental concepts of the HF method are 

explained in detail. 

 The concept of hydraulic fracturing was first proposed by Clark (1949). However, 

his objective was to improve oil recovery by fracturing the formation. Fairhurst (1964) 

first showed that hydraulic fracturing could be used for stress measurement. For further 

details on the sleeve fracturing method, please refer to Ljunggren & Stephansson (1986) 

and Stephansson (1983a, 1983b). For further details on HTPF, please refer to Cornet 

(1986), Cornet (1993), and Cornet & Valette (1984). 

 In the following, the theoretical solution derived by Haimson and Fairhurst (1969 

and 1967), and the stress measurement method based on the theoretical solution are 

described. In this section, it is assumed that the rock formation is subjected to a non-

hydrostatic state of stress with one of the three principal stresses acting parallel to the 

vertical direction and along the borehole axis. The general equations of the in-situ stress 

fields 𝜎𝑖𝑗
(1)

 around the circular borehole drilled in the rock formation, which is linearly 

elastic, porous, isotropic, and homogeneous, are given by the Kirsch solution: 

 

 

 

𝜎𝑟𝑟
(1)

= (1 −
𝑅2

𝑟2
)

(𝑆Hmax + 𝑆hmin − 2𝑝0)

2

+ (1 + 3
𝑅4

𝑟4
− 4

𝑅2

𝑟2
)

(𝑆Hmax − 𝑆hmin)

2
cos 2𝜃 + 𝑝0 

(2-6) 
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𝜎𝜃𝜃
(1)

= (1 +
𝑅2

𝑟2
)

(𝑆Hmax + 𝑆hmin − 2𝑝0)

2

− (1 + 3
𝑅4

𝑟4
)

(𝑆Hmax − 𝑆hmin)

2
cos 2𝜃 + 𝑝0 

(2-7) 

 𝜎𝑟𝜃
(1)

= (1 − 3
𝑅4

𝑟4
+ 2

𝑅2

𝑟2
)

(𝑆Hmax − 𝑆hmin)

2
sin 2𝜃, (2-8) 

 

where 𝜎𝑟𝑟
(1)

 is the radial stress, 𝜎𝜃𝜃
(1)

 is the circumferential stress, 𝜎𝑟𝜃
(1)

 is the tangential 

shear stress, 𝑝0  is the fluid pressure in the rock formation, 𝑅  is the radius of the 

borehole, 𝑟 is the distance from the center of the borehole, and 𝜃 is the angle measured 

from the direction of 𝑆Hmax. 
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Fig. 2-7 Polar coordinate system and the stress elements in this coordinate system. 

 

When the fluid is pumped into the borehole, two additional stress fields are 

introduced. The first is introduced by the increase in pressure from the original pressure 

𝑝0 to the injected fluid pressure 𝑝b. The equations for the stress fields 𝜎𝑖𝑗
(2)

 are 

 

 

𝜎𝑟𝑟
(2)

=
𝑅2

𝑟2
Δ𝑝 

𝜎𝜃𝜃
(2)

= −
𝑅2

𝑟2
Δ𝑝 

𝜎𝑟𝜃
(2)

= 0, 

(2-9) 

 

where Δ𝑝 = 𝑝b − 𝑝0 is the difference between the fluid pressure in the borehole 𝑝b and 

𝑝0. 

 The second stress field is introduced when the rock formation is permeable to 

the injected fluid. This stress field is called 𝜎𝑖𝑗
(3)

. If the injected fluid penetrates the rock 

formation, an outward radial flow occurs. The assumption that the fluid flow is 

axisymmetric leads to the equations derived by the poroelasticity theory: 
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𝜎𝑟𝑟
(3)

=
𝛼(1 − 2𝜈)

𝑟2(1 − 𝜈)
∫ 𝑝(𝑟)𝑟d𝑟

𝑟

𝑅

 

𝜎𝜃𝜃
(3)

= −
𝛼(1 − 2𝜈)

1 − 𝜈
[

1

𝑟2
∫ 𝑝(𝑟)𝑟d𝑟

𝑟

𝑅

− 𝑝(𝑟)] 

𝜎𝑟𝜃
(3)

= 0, 

(2-10) 

 

Here, 𝑝(𝑟) is the increase in pressure above 𝑝0 at any distance 𝑟, 𝜈 is the Poisson’s 

ratio of the rock formation, and 𝛼 is the Biot coefficient 

 

 𝛼 = 1 −
𝐾

𝐾s
, (2-11) 

 

where 𝐾s and 𝐾 are the bulk moduli of the rock constituents (grains) and the rock itself 

(grains, pores, and microcracks), respectively.  

 The stress field around the borehole is then given by the superposition of the 

three different stress fields:  

 

 𝜎𝑖𝑗 = 𝜎𝑖𝑗
(1)

+ 𝜎𝑖𝑗
(2)

+ 𝜎𝑖𝑗
(3)

. (2-12) 

 

From (2-6) to (2-12), the stress elements at the borehole wall (𝑟 = 𝑅) with the direction 

of maximum horizontal principal stress can be expressed by: 

 

 

𝜎𝑟𝑟 = 𝑝0 + Δ𝑝 = 𝑝𝑏 

𝜎𝜃𝜃 = 3𝑆hmin − 𝑆Hmax − 2𝑝0 + 𝑝0 − Δ𝑝 + 𝛼Δ𝑝
(1 − 2𝜈)

1 − 𝜈
 

= 3𝑆hmin − 𝑆Hmax − 𝑝𝑏 + 𝛼Δ𝑝
(1 − 2𝜈)

1 − 𝜈
 

𝜎𝑟𝜃 = 0. 

(2-13) 

 

The tangential effective stress 𝜎𝜃𝜃
′ = 𝜎𝜃𝜃 − 𝑝b is given by: 
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 𝜎𝜃𝜃
′ = 𝜎𝜃𝜃 − 𝑝b = 3𝑆hmin − 𝑆Hmax − 2𝑝𝑏 + 𝛼Δ𝑝

(1 − 2𝜈)

1 − 𝜈
, (2-14) 

 

which becomes the first tensile fracture around the borehole wall. The directions of the 

horizontal principal stresses are then determined by the tensile fracture initiated by 

hydraulic fracturing (Fig. 2-8). I now postulate that the breakdown of the borehole wall 

occurs when the tangential effective stress is equal to the tensile strength 𝑇: 

 

 𝜎𝜃𝜃
′ = −𝑇. (2-15) 

 

Combining (2-14) and (2-15), the minimum pressure at the borehole wall to induce 

fracture, also known as the breakdown pressure 𝑝c, is given by the equation: 

 

 𝑝c =
𝑇 + 3𝑆hmin − 𝑆Hmax − 2𝜂𝑝0

2(1 − 𝜂)
. (2-16) 

 

where 

 

 𝜂 =
𝛼(1 − 2𝜈)

2(1 − 𝜈)
. (2-17) 

 

When the rock formation is non-permeable, the above equations are replaced by the 

following equations: 

 

 𝑝c = 𝑇 + 3𝑆hmin − 𝑆Hmax − 𝑝0. (2-18) 

 

Bredehoeft et al. (1976) first suggested that the tensile strength of the non-permeable 

formation could be determined from the borehole reopening pressure and the first 

breakdown pressure from the equation: 
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 𝑇 = 𝑝c
′ − 𝑝r. (2-19) 

 

When the formation is permeable, the tensile strength is 

 

 𝑇 = 2(1 − 𝜂)(𝑝c
′ − 𝑝r). (2-20) 

 

The maximum horizontal principal stress is then given by 

 

 𝑆Hmax = 3𝑆hmin − 2(1 − 𝜂)𝑝r − 2𝜂𝑝0. (2-21) 

 

The determination of 𝑆hmin is straightforward using the shut-in pressure 𝑝s, which is 

the pressure when the fracture closes: 

 

 𝑆hmin = 𝑝s. (2-22) 

 

The 𝑝c
′ , 𝑝r and 𝑝s are determined using the pressure-time record of the fracturing test 

(Fig. 2-9). 

 

Fig. 2-8 Schematic diagram of the fracture initiated by the pumped fluid. (Modified from Amadei & 

Stephansson (1997)). 
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Fig. 2-9 Pressure-time and flow rate-time record of the idealized fracturing test (Amadei & 

Stephansson, 1997). 

 

Borehole breakout method 

Borehole breakout is a phenomenon wherein the borehole wall breaks due to the shear 

stress concentration around the borehole caused by drilling. Borehole breakout elongates 

the borehole diameter in the direction of the wall, where the shear stress concentration 

occurs. As the direction of elongation is determined by the stress state around the borehole, 

it is possible to estimate the in-situ stress direction from this (Fig. 2-10). 

 Leeman (1964) was the first to realize that breakout could be used for the in-situ 

stress measurement. Several previous studies have since verified the principle of borehole 

breakout generation and its reliability for stress measurement (Babcock, 1978; Cox, 1970; 

Dart & Zoback, 1989; Hickman et al., 1985; Zoback et al., 1985)． 
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Fig. 2-10 Image of borehole breakout. (a) Section of borehole televiewer log showing zones of 

borehole breakouts (black batches). (b) Horizontal cross-section of borehole breakout at a 

depth of 1475.8 m (arrow in (a)). (Modified from Amadei & Stephansson, 1997; Hickman et 

al. 1985). 

 

The theory of the borehole breakout method is described below. The analytical method 

usually used is based on the Kirsch solution for isotropic homogeneous linear elastic 

bodies in three dimensions (Jaeger et al., 2007; Kirsch, 1898), which was proposed by 

Zoback et al. (1985) and improved by Singh & Digby (1989b, 1989a). 

 When drilling mud is injected into a vertical hole of radius 𝑅 drilled in a rock 

mass assumed to be an isotropic homogeneous linear elastic material, the stress state 

around the hole can be expressed as follows: 
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𝜎𝑟𝑟 = (1 −
𝑅2

𝑟2
)

(𝑆Hmax + 𝑆hmin − 2𝑝0)

2

+ (1 + 3
𝑅4

𝑟4
− 4

𝑅2

𝑟2
)

(𝑆Hmax − 𝑆hmin)

2
cos 2𝜃

+ Δ𝑝
𝑅2

𝑟2
  

(2-23) 

 

𝜎𝜃𝜃 = (1 +
𝑅2

𝑟2
)

(𝑆Hmax + 𝑆hmin − 2𝑝0)

2

− (1 + 3
𝑅4

𝑟4
)

(𝑆Hmax − 𝑆hmin)

2
cos 2𝜃 − Δ𝑝

𝑅2

𝑟2
 

(2-24) 

 𝜎𝑟𝜃 = (1 − 3
𝑅4

𝑟4
+ 2

𝑅2

𝑟2
)

(𝑆Hmax − 𝑆hmin)

2
sin 2𝜃, (2-25) 

 

where 𝜎𝑟𝑟 is the radial stress, 𝜎𝜃𝜃 is the circumferential stress, 𝜎𝑟𝜃 is the tangential 

shear stress, 𝑅 is the radius of the borehole, 𝑟 is the distance from the center of the 

borehole, 𝜃 is the angle measured from the direction of 𝑆Hmax, and Δ𝑝 = 𝑝b − 𝑝0 is 

the difference between the fluid pressure in the borehole 𝑝b  and that in the rock 

formation 𝑝0. 

(2-25) shows that the maximum shear stress around the borehole is located at 

90° and 270° from the direction of maximum principal stress in the horizontal plane, 

namely, the direction of minimum principal stress in the horizontal plane. This implies 

that borehole breakout occurs in the direction of minimum principal stress in the 

horizontal plane. In the borehole breakout method, the direction of principal stress in the 

horizontal plane is determined based on this fact. 

In the borehole breakout method, it is theoretically possible to obtain the 

magnitude of stress by assuming that one of the principal stresses is vertical, the failure 

surface is parallel to the borehole axis, and the failure of the rock follows the Mohr–

Coulomb failure criterion. For further details, please refer to Amadei and Stephansson 

(1997). 

In addition to the borehole breakout method, the DITF method exists as an in-
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situ stress measurement method based on the phenomenon of hole wall fracture induced 

by drilling (Brudy & Zoback, 1999). While the borehole breakout method measures the 

stress based on the shear failure phenomenon around the borehole wall caused by drilling, 

the DITF method measures it based on the tensile failure around the borehole wall caused 

by drilling. Similar to the borehole breakout method, the DITF method is also based on 

the Kirsch solution. For details of this method, please refer to Brudy and Zoback (1999) 

and Zoback (2007). 
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Chapter 3  

 

Anelastic Strain Recovery Method 

for In-situ Stress Measurement 

 

 

3.1 History of ASR method 

 
When a rock core sample is retrieved from a borehole, two strain recovery (SR) processes 

occur on the core sample: elastic strain recovery (instantaneously recovering strain) and 

anelastic strain recovery (time-dependent recovering strain, ASR). Anelastic strain 

recovery method is an in-situ stress measuring technique based on rock cores’ ASR data.  

 Voight (1968) first realized that ASR was able to be used to measure in-situ stress. 

Voight (1968) suggested if partial recovery of strains is assumed to be proportional to 

total recovery of strain, in-situ stress estimation can be conducted by instrumenting an 

oriented drilled core immediately after its removal The first success in using ASR for 

determining the directions and rations of in-situ stresses was reported by Teufel (1982). 

In his paper, good agreement was obtained between horizontal principal stress directions 

inferred from ASR measurements and the azimuth of hydraulic fractures in volcanic tuff 

at the Nevada Test Site in the USA. After the success, a lot of researches were conducted 

applying the same technique to the different geological settings and good agreements 

were found between ASR results and other stress measurements (Perreau et al., 1989; 

Smith et al., 1986; Teufel & Farrell, 1990; Warpinski & Teufel, 1989a). 

 To determine the magnitude of stress using the ASR method, a constitutive 
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viscoelastic model for ASR is required. Blanton (1983) first derived the two dimensional 

constitutive equation of ASR for isotropic and transversely isotropic rocks, where the 

direction of one of the principal stresses is assumed to be vertical. After the first derivation, 

Blanton & Teufel (1983) included the effect of pore pressure in the viscoelastic model. 

Matsuki (1991) and Matsuki & Takeuchi (1993) extended viscoelastic model to a three 

dimensional model that can be used to determine both the magnitude and orientation of 

in-situ stresses from ASR data of reoriented core samples. They showed theoretically that 

i) for an isotropic and linear viscoelastic material, the directions of the three principal 

stresses coincide with the directions of the three principal anelastic strains, ii) anelastic 

normal strain depends on the in-situ stress tensor, the pore pressure and the ASR 

compliances (recovered ASR after unloading of unit stress) of volumetric and shear 

deformations. Therefore, the directions of the in-situ principal stresses can be determined 

by the calculation of the directions of the principal anelastic strains. Recently, many 

studies have adopted the three dimensional method to perform stress measurements 

(Byrne et al., 2009; Lin et al., 2007; Nagano et al., 2014; Oohashi et al., 2017; Sun et al., 

2017; Yamamoto et al., 2013). 

 

3.2 Constitutive equation of ASR 

 
In this section, the constitutive equation of ASR is described. The derivation of the 

constitutive equation is based on Matsuki & Takeuchi (1993). In the theory of the ASR 

method, rock samples are modeled as linear viscoelastic material of Voight. In addition, 

the rock is assumed to be homogeneous and isotropic. According to viscoelastic theory, 

the general constitutive equation of isotropic material is given by 

 

 
𝑃S𝑠𝑖𝑗(𝑡) = 𝑄S𝑒𝑖𝑗(𝑡) 

𝑃V𝜎m(𝑡) = 𝑄V𝜀m(𝑡), 
(3-1) 

 

where 𝜎𝑖𝑗 is constant in-situ stress, 𝜎m = 𝜎𝑙𝑙/3 is mean normal stress, 𝑠𝑖𝑗 = 𝜎𝑖𝑗 − 𝜎m 

is deviatoric stress, 𝜀𝑖𝑗  is measured anelastic strain recovery, 𝜀m = 𝜀𝑙𝑙/3  is mean 
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normal anelastic strain and 𝑒𝑖𝑗 = 𝜀𝑖𝑗 − 𝜀m is anelastic deviatoric strain. In this thesis, 

Einstein summation convention is adopted. That is, when an index variable appears twice 

in a single term, it implies summation of that term over all the values of the index. In this 

section, 𝑖, 𝑗 = 1, 2, 3. 

The suffixes V and S means volumetric and shear mode respectively. 𝑃V, 𝑄V, 𝑃S, 𝑄S 

are 

 

 

𝑃S = 𝑎0 + 𝑎1
d

d𝑡
+ 𝑎2

d2

d𝑡2
+⋯+ 𝑎𝑛

d𝑛

d𝑡𝑛
=∑𝑎𝑖

d𝑖

d𝑡𝑖

𝑛

𝑖=0

 

𝑄S = 𝑏0 + 𝑏1
d
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d2

d𝑡2
+⋯+ 𝑏𝑛
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d𝑡𝑛
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𝑖=0

 

𝑃V = 𝛼0 + 𝛼1
d

d𝑡
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d𝑡2
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d𝑡𝑛
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d𝑡𝑖

𝑛
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𝑄V = 𝛽0 + 𝛽1
d
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d𝑡2
+⋯+ 𝛽𝑛
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d𝑡𝑛
=∑𝛽𝑖

d𝑖

d𝑡𝑖

𝑛

𝑖=0

. 

(3-2) 

 

The constant coefficients 𝑎𝑖 ,  𝑏𝑖 , 𝛼𝑖  and 𝛽𝑖 are related to the elastic and viscosity 

modulus of the material, which are determined from physical experiments. By applying 

Laplace transformation  

 

 ℒ[𝑓(𝑡)] = 𝑓(̅𝑠) = ∫ 𝑓(𝑡)e−𝑠𝑡d𝑡
∞

0

 (3-3) 

 

to (3-1), we have following viscoelastic constitutive equation in the Laplace domain: 

 

 
𝑃S(𝑠)𝑠̅𝑖𝑗(𝑠) = 𝑄S(𝑠)𝑒̅𝑖𝑗(𝑠) 

𝑃V(𝑠)𝜎m(𝑠) = 𝑄V(𝑠)𝜀m̅(𝑠) 
(3-4) 

 

or 
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 𝑠̅𝑖𝑗(𝑠) = 𝐽S̅(𝑠)𝑒̅𝑖𝑗(𝑠) 

𝜎m̅̅ ̅̅ (𝑠) = 𝐽V̅(𝑠)𝜀m̅̅̅̅ (𝑠), 
(3-5) 

 

where  

 

 
𝑃S(𝑠) = 𝑎0 + 𝑎1𝑠 + 𝑎2𝑠

2 +⋯+ 𝑎𝑛𝑠
𝑛 + 𝑅1 =∑𝑎𝑖𝑠

𝑖

𝑛

𝑖=0

+ 𝑅1 

𝑄S(𝑠) = 𝑏0 + 𝑏1𝑠 + 𝑏2𝑠
2 +⋯+ 𝑏𝑛𝑠

𝑛 + 𝑅2 =∑𝑏𝑖𝑠
𝑖

𝑛

𝑖=0

+ 𝑅2 

𝑃V(𝑠) = 𝛼0 + 𝛼1𝑠 + 𝛼2𝑠
2 +⋯+ 𝛼𝑛𝑠

𝑛 + 𝑅3 =∑𝛼𝑖𝑠
𝑖

𝑛

𝑖=0

+ 𝑅3 

𝑄V(𝑠) = 𝛽0 + 𝛽1𝑠 + 𝛽2𝑠
2 +⋯+ 𝛽𝑛𝑠

𝑛 + 𝑅4 =∑𝛽𝑖𝑠
𝑖

𝑛

𝑖=0

+ 𝑅4 

(3-6) 

 

and 

 

 
𝐽S̅(𝑠) =

𝑃S(𝑠)

𝑄S(𝑠)
 

𝐽V̅(𝑠) =
𝑃V(𝑠)

𝑄V(𝑠)
, 

(3-7) 

 

where 𝑠 is Laplace variable and 𝑅𝑖 (𝑖 = 1~4) are values determined by initial values 

of stress and strain. 𝐽S, and 𝐽V are called anelastic strain recovery compliances of shear 

and volumetric modes respectively. 

According to correspondence principle (Flügge, 1975), the solution for a 

viscoelastic problem is obtained by replacing the elastic constants in the solution of the 

corresponding elastic problem with viscoelastic coefficients. The constitutive equations 

of an isotropic elastic material are 
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 𝑠𝑖𝑗 = 2𝐺𝑒̂𝑖𝑗 

𝜎m = 3𝐾𝜀m̂, 
(3-8) 

 

where 𝑒̂𝑖𝑗 is elastic deviatoric strain, 𝜀m̂ is elastic mean strain, 𝐺 is shear modulus and 

𝐾  is bulk modulus. From (3-5) and (3-8), viscoelastic solutions are led by following 

replacement: 

 

 

2𝐺 ↔
𝑄S(𝑠)

𝑃S(𝑠)
 

3𝐾 ↔
𝑄V(𝑠)

𝑃V(𝑠)
 

(3-9) 

 

and then 

 

 

𝐸 ↔
3𝑄S(𝑠)𝑄V(𝑠)

2𝑃S(𝑠)𝑄V(𝑠) + 𝑄S(𝑠)𝑃V(𝑠)
 

𝜈 ↔
𝑃S(𝑠)𝑄V(𝑠) − 𝑃V(𝑠)𝑄S(𝑠)

2𝑃S(𝑠)𝑄V(𝑠) + 𝑄S(𝑠)𝑃V(𝑠)
, 

(3-10) 

 

where 𝐸 is the Young’s modulus and 𝜈 is the Poisson’s ratio. 

The corresponding equation of elastic strain is given by the following equation: 

 

 
𝜀𝑖̂𝑗 =

1

𝐸
𝜎𝑖𝑗 +

𝜈

𝐸
[𝜎𝑖𝑗 − 3𝜎m𝛿𝑖𝑗] −

1

3
(
1

𝐾
−
1

𝐾S
) 𝑝𝛿𝑖𝑗 − 𝛼𝛿𝑖𝑗∆𝑇, (3-11) 

 

where 𝐾S is bulk modulus of matrix, 𝑝 is pore pressure, ∆𝑇 is temperature change, 𝛼 

is the coefficient of linear thermal expansion, which is assumed to be scalar. Therefore, 

the corresponding equation of elastic normal strain in direction 𝐧  is given by the 

following equation: 
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𝜀n̂ =

1

𝐸
𝑛𝑖𝑛𝑗𝜎𝑖𝑗 +

𝜈

𝐸
[𝑛𝑖𝑛𝑗𝜎𝑖𝑗 − 3𝜎m] −

1

3
(
1

𝐾
−
1

𝐾S
) 𝑝 − 𝛼∆𝑇, (3-12) 

 

where 𝜀n̂  is elastic normal strain and 𝑛𝑖  is the component of the directional cosine 

vector of measured normal strain. |𝐧| = 𝑛𝑙𝑛𝑙 = 1. 

 

 

Fig. 3-1 Normal strain in an arbitrary direction in a viscoelastic body. 𝐧 is the directional cosine 

vector indicating the direction of the measured strain. 

 

By applying the replacement (3-10), we have the equation of anelastic normal strain in 

the Laplace domain: 

 

 
𝜀(̅𝑠, 𝐧) =

2𝑃S(𝑠)𝑄V(𝑠) + 𝑄S(𝑠)𝑃V(𝑠)

3𝑄S(𝑠)𝑄V(𝑠)
𝑛𝑖𝑛𝑗𝜎𝑖𝑗̅̅̅̅ (𝑠)

+
𝑃S(𝑠)𝑄V(𝑠) − 𝑃V(𝑠)𝑄S(𝑠)

3𝑄S(𝑠)𝑄V(𝑠)
(𝑛𝑖𝑛𝑗𝜎𝑖𝑗̅̅̅̅ (𝑠) − 3𝜎m̅̅ ̅̅ (𝑠))

−
1

3
(
3𝑃V(𝑠)

𝑄V(𝑠)
−
1

𝐾S
) 𝑝̅(𝑠) − 𝛼∆𝑇̅̅̅̅ (𝑠), 

(3-13) 
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where it is assumed that 𝐾S is not a viscoelastic parameter (Warpinski & Teufel, 1989b). 

Using (3-7), (3-13) becomes 

 

 
𝜀(̅𝑠, 𝐧) = 𝐽S̅(𝑠) (𝑛𝑖𝑛𝑗𝜎𝑖𝑗̅̅̅̅ (𝑠) − 𝜎m̅̅ ̅̅ (𝑠)) + 𝐽V̅(𝑠)(𝜎m̅̅ ̅̅ (𝑠) − 𝑝̅(𝑠)) +

𝑝̅(𝑠)

3𝐾S

− 𝛼∆𝑇̅̅̅̅ (𝑠). 

(3-14) 

 

In applying ASR method, in-situ stress and pore pressure are assumed to relieve stepwise 

at time 𝑡 = 0. Therefore 

 

 
𝜎𝑖𝑗(𝑡) = {

𝜎𝑖𝑗 (𝑡 < 0)

0  (𝑡 ≥ 0)
 

 

𝑝(𝑡) = {
𝑝 (𝑡 < 0)

0 (𝑡 ≥ 0)
. 

(3-15) 

 

By using Laplace inverse transformation 

 

 
ℒ−1[𝑓(̅𝑠)] =

1

2π𝑖
lim
𝑇→∞

∫ e𝑠𝑡
𝛾+𝑖𝑇

𝛾−𝑖𝑇

𝑓(̅𝑠)d𝑠 (3-16) 

 

the equation of anelastic normal strain recovery, which is the fundamental equation of 

ASR theory is given: 

 

 𝜀(𝑡, 𝐧) = (𝜎𝑖𝑗𝑛𝑖𝑛𝑗 − 𝜎m)𝐽S(𝑡) + (𝜎m − 𝑝0)𝐽V(𝑡). (3-17) 

 

From (3-17), anelastic mean normal strain is given by 

 

 𝜀m(𝑡) = (𝜎𝑚 − 𝑝)𝐽V(𝑡) − 𝛼∆𝑇(𝑡) (3-18) 
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and anelastic deviatoric strains are given by 

 

 𝑒𝑖𝑗(𝑡) = 𝑠𝑖𝑗𝐽S(𝑡). (3-19) 

 

From (3-19), the characteristic polynomial of the 𝑠𝑖𝑗 is  

 

 
det(𝑠𝛿𝑖𝑗 − 𝑠𝑖𝑗) = det (𝑠𝛿𝑖𝑗 −

𝑒𝑖𝑗(𝑡)

𝐽S(𝑡)
) 

= 𝐽S(𝑡)
−3 det (𝑠𝐽S(𝑡)𝛿𝑖𝑗 − 𝑒𝑖𝑗(𝑡)), 

(3-20) 

 

where 𝛿𝑖𝑗 is delta function 

 

 
𝛿𝑖𝑗 = {

0 (𝑖 ≠ 𝑗)
1 (𝑖 = 𝑗)

. (3-21) 

 

This means the three eigenvectors of 𝑠𝑖𝑗  are the same as that of 𝑒𝑖𝑗(𝑡) , that is, the 

directions of the principal deviatoric stresses are correspond to those of the principal 

anelastic deviatoric strains. Therefore, we are able to determine the in-situ stress 

orientations from the orientations of the anelastic strain. 

 

 

3.3 Determination of in-situ Stress Tensor 

 
In the conventional ASR method, the orientations and magnitudes of principal stresses 

are determined separately. 

 

3.3.1 Orientation of principal stresses 

 

We first calculate the three-dimensional strain tensor from the measured nine normal 

strain recoveries. The relation between normal strains in the direction of an 𝐧 vector and 
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the six components of three-dimensional strain tensor are given as follow: 

 

 𝜀(𝑡, 𝐧) = 𝑛𝑖𝑛𝑗𝜀𝑖𝑗(𝑡) 

= 𝑙2𝜀11(𝑡) + 𝑚
2𝜀22(𝑡) + 𝑛

2𝜀33(𝑡) + 2𝑙𝑚𝜀12(𝑡)

+ 2𝑚𝑛𝜀23(𝑡) + 2𝑛𝑙𝜀13(𝑡). 

(3-22) 

 

If we measure the anelastic normal strain recovery in 𝑘 directions, we have following 

matrix equation: 

 

 

(

 

𝑙1
2 𝑚1

2 𝑛1
2 2𝑙1𝑚1 2𝑚1𝑛1 2𝑛1𝑙1

𝑙2
2 𝑚2

2 𝑛2
2 2𝑙2𝑚2 2𝑚2𝑛2 2𝑛2𝑙2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮
𝑙𝑘
2 𝑚𝑘

2 𝑛𝑘
2 2𝑙𝑘𝑚𝑘 2𝑚𝑘𝑛𝑘 2𝑛𝑘𝑙𝑘)

 

(

 
 
 

𝜀11(𝑡)
𝜀22(𝑡)
𝜀33(𝑡)
𝜀12(𝑡)
𝜀23(𝑡)
𝜀13(𝑡))

 
 
 

= (

𝜀(𝑡, 𝐧1)

𝜀(𝑡, 𝐧2)
⋮

𝜀(𝑡, 𝐧𝑘)

) 

(3-23) 

or 

 

 [𝑛] (𝜀𝑖𝑗(𝑡)) = (𝜀(𝑡, 𝐧𝑖)). (3-24) 

 

We want to know the six components of the strain tensor 𝜀𝑖𝑗(𝑡) from (3-23) or (3-24). If 

the number of 𝑘 is larger than six, i.e. the anelastic normal strains are measured in six 

independent directions, this inverse problem becomes well-posed problem and can be 

solved by least squares method. The calculated six components of the strain tensor are 

given by 

 

 (𝜀𝑖𝑗(𝑡)) = ([𝑛]
𝑇[𝑛])−1[𝑛]𝑇(𝜀(𝑡, 𝐧𝑖)). (3-25) 

 

Three principal strains are calculated from the strain tensor given by (3-25). 
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3.3.2 Magnitude of principal stresses 

 

From (3-19), the relations between the magnitudes of anelastic principal deviatoric strains 

𝑒𝑖 and those of principal deviatoric stresses 𝑠𝑖 are given by 

 

 
𝑠𝑖 =

𝑒𝑖(𝑡)

𝐽S(𝑡)
 (𝑖 = 1, 2, 3) (3-26) 

 

and then the relations between the magnitudes of principal stresses and these of anelastic 

strains are given: 

 

 𝜎𝑖 =
𝑒𝑖(𝑡)

𝐽S(𝑡)
+
𝜀m(𝑡)

𝐽V(𝑡)
+ 𝑝0, (3-27) 

 

where 𝜎𝑖  and 𝑒𝑖  ( 𝑖 = 1, 2, 3 ) represent the magnitudes of principal stresses and 

anelastic principal deviatoric strains, respectively. Here, stress is defined as 𝜎1 > 𝜎2 >

𝜎3 with compression being positive, and strain recovery is defined as 𝑒1 > 𝑒2 > 𝑒3 with 

expansion being positive. In the conventional method, the stress tensor can be calculated 

by determining 𝐽S, 𝐽V, and 𝑝0 in addition to 𝜀𝑖𝑗. ASR compliances 𝐽S and 𝐽V should 

be measured by conducting a triaxial compression test on the rock core used for the ASR 

measurement. However, it has been suggested by Matsuki & Takeuchi (1993) that ASR 

compliances depend on the magnitude of mean normal stress, which generally makes the 

measurement difficult to conduct in the laboratory. 

To determine the in-situ stress tensor using (3-27), it is necessary to know the ASR 

compliance 𝐽S and 𝐽V of the core samples used. In the conventional method, therefore, 

the in-situ stress tensor is calculated using the ratio of ASR compliances 𝑟 = 𝐽V/𝐽S , 

vertical stress 𝜎v and pore pressure 𝑝0. These values are determined as follows: Using 

eq. (3), the vertical stress 𝜎v is calculated as follows:  
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𝜎v = 𝜎1𝑙1
2 + 𝜎2𝑙2

2 + 𝜎3𝑙3
2 

=
1

𝐽V(𝑡)
(𝑟(𝑡)𝑙𝑖𝑙𝑗𝑒𝑖𝑗(𝑡) + 𝜀m(𝑡)) + 𝑝0. 

(3-28) 

 

In (3-28), the principal strain coordinate system is used as the basis, and 𝐥 = (𝑙1, 𝑙2, 𝑙3)
T 

is the directional cosine vector in the vertical direction with respect to the coordinate 

system. ASR compliances can be expressed using 𝑟 and 𝜎v  

 

 

𝐽V(𝑡) =
(𝑟(𝑡)𝑙𝑖𝑙𝑗𝑒𝑖𝑗(𝑡) + 𝜀m(𝑡))

(𝜎v − 𝑝0)
 

𝐽S(𝑡) =
1

𝑟(𝑡)
𝐽V(𝑡). 

(3-29) 

 

In the conventional method, 𝑟  is usually assumed to be the constant 𝑟c , and 

𝑟c 00.6400.14, which is the value at 14 hours after measurement was initiated, as 

determined by Matsuki (2008) for six rocks, is used. In (3-29), it is also necessary to 

determine the values of 𝜎v and 𝑝0. In Yamamoto et al. (2013), the vertical stress 𝜎v 

was assumed to be equal to 𝜌r𝑔ℎ, the overburden stress was calculated using the average 

wet density of the rocks above the measurement point (sampling depth), and the pore 

pressure 𝑝0 was assumed to be equal to the hydrostatic pressure 𝜌w 𝑔ℎw, where 𝑔 is 

the gravitational acceleration, ℎ  is the depth of the measurement point, ℎw  is the 

distance between the measurement point and the groundwater surface, and 𝜌r and 𝜌w 

are the average wet density of the rock and water density, respectively. Fig. 3-2 shows the 

flow chart of the ASR method. 

 

3.4 Challenges of the ASR method 

 
As we have mentioned, the ASR method is a relatively reliable stress measurement 

method with a clear theoretical background. Meanwhile, the ASR method has some 
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challenges to be solved as described below. As mentioned above, in order to determine 

the stress magnitude, it is necessary to assume that the ASR compliance ratio is constant 

regardless of the rock type. However, this assumption has not been confirmed for all rock 

types, so the validity of the assumption is still open to debate. An analysis method that 

does not require such an assumption is considered necessary. 

Current ASR method assumes that the rock to be analyzed is isotropic. However, 

this assumption does not necessarily apply to sedimentary rocks, where orthotropic 

anisotropy tends to prevail. Therefore, there is a need for an analysis method that can take 

anisotropy into account. 

Thus, the ASR method is a useful stress measurement method, but it has many 

challenges to be solved. In this study, I aimed to solve these challenges. 
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Fig. 3-2 Flow chart of the ASR method. (After Matsuki & Takeuchi 1993). 
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Chapter 4  

 

Core’s Reorientation Based on Natural 

Remanent Magnetization 

 

 

4.1 Introduction 
 

To determine the orientations of three principal stresses with a core-based stress 

measuring method, we require the in-situ orientation of an analyzed rock core sample. 

However, core samples are rotated during conventional drilling and the in-situ orientation 

is lost. Therefore, we have to restore the in-situ orientation of a core sample. This process 

is called “reorientation of core sample”, and several methods of reorientation have been 

proposed to restore the in-situ orientation of core samples (Nelson et al., 1987; 

Shigematsu et al., 2014; Tamaki et al., 2015). 

The natural remanent magnetization (NRM) of a core sample has been 

successfully used for core’s reorientation with some variations according to differences 

in the sample preparation (Byrne et al., 2009; Nagano et al., 2014; Yamamoto et al., 2013). 

The most common method uses a small cylindrical specimen drilled from a core sample, 

and the specimen NRM is measured. However, this method cannot estimate measurement 

errors. To address this problem, I propose a new method of preparing nine small 

specimens from a single core sample and measuring the NRM of eight of the specimens 

to obtain a statistical evaluation of the measurement error. While some previous studies 

have performed NRM measurements on several specimens from a single rock sample (Jin 
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& Liu, 2010), those studies did not undertake core reorientation. 

 In this chapter, we first present some basic concepts and definitions used in this 

chapter and the principle of core reorientation based on NRM, followed by a detailed 

explanation of specimen preparation from a core sample. An application of the method to 

hemipelagic sedimentary soft rock core samples is shown as a specific example. I then 

discuss the results of the application of this method. I also discuss the effects of secondary 

remanent magnetization owing to drilling process on core reorientation and propose a 

data quality assessment criterion. 

 

4.2 Background 
 

In this section, several basic definitions and concepts included in this chapter are 

described.  

 

4.2.1 Geomagnetism 

 

Geomagnetism is the magnetism of the earth and the magnetic field generated by the earth. 

Most of the geomagnetic field is generated in the earth's outer core. The geomagnetic 

field is thought to be generated by the electric current generated by the fluid motion of 

this highly conductive iron, and has been actively studied. However, the details are still 

unknown. 

 

Geocentric axial dipole model 

When averaged over a very long period of time (several thousand years or more), the tilt 

of the geomagnetic dipole becomes negligible, and the geomagnetic pole can be equated 

with the geographic pole. Such a dipole at the center of the earth with a magnetic axis 

coinciding with the axis of rotation is called a geocentric dipole. In this study, the analysis 

is based on the geocentric axis dipole model. 
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Reversal of geomagnetism 

The geomagnetic field reverses its polarity once every few hundred thousand years. The 

same polarity as at present, i.e., N pole pointing south, is called normal polarity, and the 

opposite, N pole pointing north, is called reversed polarity. 

 

4.2.2 Natural remanent magnetization (NRM) 

 

Almost all materials, including rocks, contain ferromagnetic minerals such as iron oxide, 

which can be magnetized by themselves without the application of an external magnetic 

field. This is called natural remanent magnetization (NRM). There are multiple 

mechanisms for the acquisition of NRMs, and the following sections describe the ones 

relevant to this study. 

 

Thermoremanent magnetization (ThRM) 

In general, when a ferromagnetic material is cooled from a temperature above the Curie 

point while a magnetic field is applied, it acquires a very stable remanent magnetization. 

This remanent magnetization is called thermal remanent magnetization (ThRM). The 

strong magnetization of volcanic rocks is the thermal remanent magnetization acquired 

during the cooling and solidification process of lava in the earth's magnetic field. 

 

Detrital remanent magnetization (DRM) 

Sedimentary rocks, such as sandstone and mudstone, acquire magnetization when they 

are deposited in a magnetic field. This is called detrital remanent magnetization (DRM). 

The DRM can be classified into two types according to the time of acquisition after 

deposition: depositional detrital remanent magnetization (dDRM) and post detrital 

remanent magnetization (pDRM).  

The dDRM represents the magnetization acquired during or immediately after 

deposition. If the consolidation is not so advanced immediately after deposition, the 

ferromagnetic minerals in the sediment can rotate to magnetize in the direction of the 

magnetic field in the gap between the nonmagnetic particles. The magnetization that is 
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acquired in this way is the dDRM. 

On the other hand, the pDRM represents the magnetization that is acquired after 

a while of deposition. This is due to the fact that even if the gap between the nonmagnetic 

particles becomes small due to the progress of consolidation, the magnetic particles can 

rotate and align their magnetization in the direction of the magnetic field if their particle 

shape is small enough. 

 

Viscous remanent magnetization (VRM) 

When a ferromagnetic material is subjected to a magnetic field and then returned to zero, 

it acquires a magnetization called isothermal remanent magnetization (IRM). The longer 

the magnetic field is applied, the larger the isothermal remanent magnetization becomes 

in proportion to the logarithm of the time. This magnetization that increases with time in 

a magnetic field is called viscous remanent magnetization (VRM). 

 

Definitions of inclination and declination in this chapter 

Two angles are usually used to represent the NRM orientation, namely, inclination and 

declination. In this study, declination is defined as the angle between an arbitrary 

determined reference line and the horizontal NRM component (Fig. 4-1), although it 

generally refers to the angle between the latter and true north. Inclination is defined as the 

angle between the horizontal plane and NRM vector. 
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Fig. 4-1 Definitions of inclination and declination. 

 

 

4.2.3 Demagnetization 

 

After a rock forms and gain primary NRM, it can acquire secondary remanent 

magnetizations owing to changes in the external environment, such as an artificial 

magnetic field caused by drilling. This type of remanent magnetization is called 

secondary NRM. The resultant NRM of a core sample immediately after drilling is a 

vector sum of primary and secondary NRMs (Fig. 4-2). To reorientate a core sample based 

on the primary NRM, it is necessary to eliminate the secondary NRM. This process is 

called demagnetization. 

There are two main demagnetization techniques: i) thermal demagnetization 

(ThD), which demagnetizes secondary NRM by heating a sample in a zero magnetic field; 

or ii) alternating field demagnetization (AFD), which demagnetizes secondary NRM by 

applying an alternating magnetic field to a sample in a zero magnetic field. 
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In this study, we used the AFD technique, which can effectively demagnetize 

multiple samples simultaneously. The demagnetization process is usually plotted on a 

Zijderveld diagram, as shown in Fig. 4-3. 

 

 

 

 

Fig. 4-2 Schematic graph showing progressive demagnetization steps. Two-dot chain lines show 

primary natural remanent magnetization (NRM). One-dot chain lines show secondary NRM 

on each demagnetization steps, which are demagnetized in order to extract primary NRM. 

Black solid lines show sums of primary NRM and secondary NRM (resultant NRM) on each 

demagnetization steps. Broken lines show demagnetized secondary NRMs. Resultant 

NRMs are measured on each step and plotted on a Zijderveld diagram. 
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Two important hypotheses are as follows: i) the measured NRM is the vector 

sum of primary and secondary NRMs; and ii) demagnetization of primary NRM begins 

after the secondary NRM is completely demagnetized. Then projections of the vector end 

points of the primary NRM during the demagnetization process form a line that passes 

through the origin on the Zijderveld diagram. Previous studies have used this fact to 

distinguish primary NRM from secondary NRM and we also adopt this approach. To 

visualize the progressive demagnetization, Zijderveld projection is usually adopted. Fig. 

4-3 shows the definition of the plot. 

 

 

 

Fig. 4-3 (a) Projections of NRM onto the horizontal and vertical planes. (b) Schematic diagram of a 

Zijderveld diagram. The numbers in the figures show the number of steps in 

demagnetization process. Solid black circles are projections of the end points of the NRM 

vector onto the horizontal plane and open circles are those onto a vertical plane oriented 

north-south. 

 

4.3 Methodology 
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In this section, the reorientation method proposed in this research is shown. The method 

consists of three steps. They are i) sample preparation, ii) demagnetization and 

measurement of NRM and iii) determination of reorientation rank. Details are shown in 

the following subsections. 

 

4.3.1 Sample preparation 

 

In the reorientation method proposed in this research, eight specimens cut from one whole 

round core sample are used to determine the core’s in-situ orientation and the rank of the 

reorientation result. The eight specimens are shaped as follows. 

First, a disc-shaped sample with a thickness of about 2 cm is cut from the upper 

or lower end of the core sample (Fig. 4-4(a)) using a diamond saw. The thickness is 

determined by the maximum specimen height measured by the NRM-measuring 

instrument because larger specimen volumes may increase data quality. The disc-shaped 

sample is then cut into nine specimens, as shown in Fig. 4-4(b). The reasons for separating 

the disc-shaped sample are 1) limited sample size by the measuring equipment, 2) the 

remaining core sample can be used for other measurements, 3) the quality of the results 

can be determined statistically.  

When cutting a sample, an IRM can be added owing to the artificial magnetic 

field around the diamond saw. However, this mainly affects the specimen surface, which 

is small compared with the total volume (~8 cm3). In the case that the influence cannot 

be ignored, the IRM formed from the saw is also considered as a part of the secondary 

NRM. An assessment of the influence of cutting therefore requires consideration based 

on the final result. To prevent drying, specimens were wrapped in parafilm (Fig. 4-4(c)). 

Because the number of specimens that can be simultaneously measured is eight according 

to the equipment specifications, eight specimens including specimen 1, which is the 

central specimen shown in Fig. 4-4 (b), are selected from nine specimens. Specimens with 

sufficient volume are selected. 
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Fig. 4-4 Pictures of sample preparation. (a) A whole round core sample. Strain gages attached to the 

sample were used for another measurement. (b) A disc-shaped sample cut from a whole round 

core sample. The numbers show those of specimens used in Fig. 4-9. (c) Specimens wrapped 

by parafilms. White allow show the direction of the reference line of the whole-round core 

sample. 

 

4.3.2 Demagnetization and measurement of remanent 

magnetization 

 

NRM demagnetization and measurement are conducted using Progressive AFD was 

performed by applying an alternating magnetic field to specimens, typically in 24 steps 

between 0 and 80 mT. NRM vector end points at each demagnetization step were plotted 
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on a Zijderveld diagram and the primary NRM was extracted as the line passing through 

the origin (Fig. 4-3). 

It is known that the Earth’s magnetic field varies over time and the two angles 

of primary NRM usually correspond to the averaged direction of the field over time for 

formation of a rock. If a rock formed over a few thousand years, the geocentric axial 

dipole hypothesis (Butler, 1992) allows the declination of the primary NRM to be 

regarded as corresponding to the present geographic north. These two angles were 

calculated by linear regression analysis on components that linearly decay to the origin 

on a Zijderveld diagram. In this study, the demagnetizations were conducted with a pass-

through superconducting rock magnetometer manufactured by 2-G Enterprise (Model 

760R) at Kochi University, Japan (Fig. 4-5). 

 

 

Fig. 4-5 2-G Enterprise (Model 760R) at Kochi University, Japan. 

 

 

4.3.3 Determination of rank of reorientation result 

 

This subsection describes the quality assessment of reorientation results, with particular 

attention given to quantifying the influence of drilling. Reorientation results were 

classified into three ranks indicating good (A), fair (B), and poor (C) quality according 

to the following procedures. 
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Step 1 Determination of rank C 

This classification was based on the demagnetization results of specimen 1 (Fig. 4-4 

(b)), which was located at the center of the disc-shaped sample and thought to be less 

influenced by drilling than the other specimens. Rank C is defined if a demagnetized 

component that does not linearly decay to the origin on the Zijderveld diagram and thus 

primary NRM is not recognized. Consequently, the core sample cannot be reoriented by 

NRM analysis. If the line can be confirmed, further analysis is conducted in Step 2.  

 

Step 2 Classification of the remaining results into ranks A or B 

If the result is not classified into rank C, that is, primary NRM can be determined in 

specimen 1, the 95% confidence limit of the mean angle (𝛼95) of the primary NRM 

(Butler, 1992) is calculated using the demagnetization results from the eight specimens 

from the same core sample including specimen 1. A result of 𝛼95 ≤5∘ is classified as 

rank A and 𝛼95 >5∘as rank B. Rank A results can be used for reorientations without 

problems. On the other hand, we suggest that the use of rank B results depends on the 

number of core samples and/or the importance of the location where the sample is 

retrieved. 

 

4.4 Application to sedimentary soft rock sample 
 

This section shows one of the applications of the NRM-based reorientation method. 

 

4.4.1 Sample information 

The core samples used in the case study were retrieved from borehole C0023A during the 

IODP Expedition 370 (Heuer et al., 2017). C0023A is a vertical borehole located at the 

toe of the subduction zone of the Nankai Trough about 120 km southeast of Muroto, 

Kochi (32∘ 22.00'N, 134∘ 57.98' E, 4,776 m water depth (Fig. 4-6)). The core samples are 

composed of Miocene to Quaternary soft sedimentary rocks (Fig. 4-7 and Table 4-1) 

(430–1123 m below seafloor) with porosities of 25%–45%. 
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Fig. 4-6 Location of the drilling site named C0023A. (After Heuer et al., 2017.) 
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Fig. 4-7 Lithostratigraphy of Hole C0023A and sampling depths. (After Heuer et al., 2017.) 

 

4.4.2 Result 

 

Fig. 4-8 shows the Zijderveld diagram with the demagnetization results of specimen 1 

from sample core-1 in each demagnetization step. To extract the primary NRM, a straight 

line is fitted to a component that linearly decays to the origin. The inclination and 

declination can be determined from the angles between the lines and the x-axis. Table 4-1 
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lists the inclinations and declinations obtained from each core sample. Some inclinations 

show negative values, which are due to magnetization recorded in the reversed polarity 

chron. 

 

 

Fig. 4-8 Zijderveld diagram with the demagnetization results of specimen 1 from sample core-1 in 

each demagnetization step. Black solid circles represent projections of the end points of the 

NRM vectors in each demagnetization step onto the horizontal plane, and black open circles 

are those onto a vertical plane oriented north-south. Gray circles (both solid and open) show 

the secondary components of the NRM vector. The vector length represents the magnetization 

magnitude. The two black dashed lines in the figure are regression lines fitted to the primary 

NRM. 
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Fig. 4-9 Zijderveld diagrams of NRM obtained from Core-1. The numbers show those of the 

specimens. 
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Fig. 4-10 Zijderveld diagrams of NRM obtained from Core-6. 
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Fig. 4-11 Zijderveld diagrams of NRM obtained from Core-4. 
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Fig. 4-12 Equal area projections of the primary components of the normalized NRM vectors for (a) 

Core-1, which has rank A, (b) Core-6, which has rank B and (c) Core-4, which has rank C, 

respectively. Black solid and open circles indicate lower and upper hemisphere projections, 

respectively. Gray circles (solid and open) indicate specimens that were not used for 

averaging. Triangles show the averaged direction using the results from specimens, except   
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for those marked by gray circles. Dotted ellipses show the 95% confidence areas. 

Following the geocentric axial dipole hypothesis, the inclination at each latitude of 

Earth’s surface can be calculated as follows (Butler, 1992): 

 

 𝐼 = arctan(2 tan 𝜆), ⁡ (4-1) 

 

where 𝐼 represents inclination and 𝜆 is the latitude of the drilling site. Substituting the 

latitude of the drilling site into (4-1), the calculated inclination is ~52∘. Although it is 

seemingly possible to assess the quality of the reorientation based on this theoretical value, 

the actual inclination value has been reported to potentially differ substantially from 

theory owing to the consolidation or rotation of the formation (Butler, 1992). An 

evaluation of the data quality is therefore difficult using only this value. 

 

4.4.3 Assessment of drilling influence 

 

The most unique feature of the reorientation method proposed in this study is that it can 

statistically assess the influence of secondary NRM caused by drilling. In this section, we 

show the results of three samples (Core-1, Core-6, and Core-4) selected from each of the 

three ranks (Rank A, Rank B and Rank C) defined in section 2.3 and discuss the influence 

of drilling on the reorientation results.  

Fig. 4-9 - Fig. 4-11 shows the Zijderveld diagrams of each specimen from the 

three core samples. Numbers 1–9 in the figure correspond to the numbers of specimens 

in Fig. 4-4. Fig. 4-12 shows equal area projections of the primary components of the 

normalized NRM vectors for each specimen. In the following, each rank is detailed based 

on the representative samples for the three ranks. 

 

Rank A 

Fig. 4-9 and Fig. 4-12 (a) show the results of Core-1, which is rank A. The results show 

no significant difference between the specimen in the center (specimen 1) and the others. 

We consider that this type of sample was not affected by drilling and reorientation was 
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accomplished. However, Core-15, which is also rank A, has an inclination of ~80∘ (Table 

4-1), which indicates a vertical downward NRM and requires further consideration with 

regards to the influence of drilling. 

 

Rank B 

Fig. 4-10 and Fig. 4-12 (b) show the results of Core-6, which is rank B. α95 of Core-6 is 

13.7∘. For this type of result, the primary NRM component of specimen 1 was able to be 

extracted. However, specimens cut from the periphery (4, 5, 6) were affected by drilling 

and have secondary NRMs with inclinations of ~90∘. It is therefore difficult to extract the 

primary NRM component from these specimens. 

 

Rank C 

Fig. 4-11 and Fig. 4-12 (c) show the results of Core-4, which is rank C. For this type of 

sample, almost all the specimens, including the central one, were affected by 

ferromagnetic materials (such as steel pipes) while drilling, and the primary NRM itself 

was also disturbed. There are no specimens from which the linear component decays to 

the origin on a Zijderveld diagram can be extracted, and the method proposed in this 

chapter cannot be applied.  

 

Three different results can be obtained from the same drilling owing to the different 

degrees of magnetization of the drilling bit and coercive forces of the sample itself. 

 

4.5 Summary 
 

We applied a reorientation method using the NRM of rock to hemipelagic sedimentary 

soft rocks from the Nankai Trough and discuss the magnetic influence of drilling on the 

reorientation results. The primary NRM recorded in the central specimen must be 

extracted to reorientate a core sample. Because rocks can acquire secondary NRM after 

formation, secondary NRM must be demagnetized. When applying the reorientation 

method, the average calculation is the subject of a future study. The method of sample 
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preparation and data quality assessment proposed here offers important guidelines, 

especially for valuable core samples such as those retrieved from the deep drilling of the 

IODP. 

 In the case where other core orientation methods, such as pattern matching, are 

available, the reliability of the reorientation can be improved by using this method 

complementarily. This method is expected to contribute to the improvement of the 

reliability of stress measurement results. 
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Chapter 5  

 

A Novel analyzing procedure of ASR 

Method: Theory 

 

 

5.1 Introduction 

 
The in-situ stress state in the earth's crust, which is a subject of rock mechanics, is crucial 

information in geosciences, such as structural geology and earth resource engineering 

(Stein, 1999; Zoback, 2007). A variety of methods have been proposed to measure crustal 

stress, such as the inversion of earthquake focal mechanisms, analysis of borehole 

breakout or drilling induced tensile fracture (DITF), hydraulic fracturing, and core-based 

methods (Amadei & Stephansson, 1997). 

 One problem with stress measurements is that it is difficult to evaluate the 

uncertainty of the measurement results. Because it is generally difficult to perform stress 

measurements, multiple measurements at the same site and depth are not readily available. 

One possible solution is uncertainty quantification (UQ), which has been actively 

discussed in recent years within various fields of earth science (Scheidt et al., 2018). 

Bayesian statistical modeling (BSM), a UQ method, enables us to evaluate uncertainty 

even with limited measurement data by utilizing information that is known before the 

measurement. The effectiveness of this method has been confirmed in the fields of earth 

and planetary sciences and rock mechanics for which there is generally a paucity of 

measurement data (Aladejare & Wang, 2019; Atkins et al., 2016; Contreras et al., 2018; 
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Feng & Jimenez, 2014). However, no previous studies have investigated the application 

of UQ to stress measurements. In this study, I develop a novel analytic procedure for the 

anelastic strain recovery (ASR) for UQ using BSM. The ASR method (K Matsuki & 

Takeuchi, 1993) is a core-based three-dimensional stress measurement method that can 

be applied to deep drilling (up to approximately 10 km depth) and has been used in recent 

onshore and offshore drilling projects (Byrne et al., 2009; Lin et al., 2007; Sun et al., 

2017; Yamamoto et al., 2013). 

 This research comprises two stages. In the first stage, a novel analysis procedure 

for the ASR method was proposed and the characteristics were examined by applying the 

procedure to simulated (artificial) data. In the second stage, the novel procedure was 

applied to appropriate real ASR data. I report on the first stage of this study in this chapter. 

The second stage is reported in the next chapter. 

 

5.2 Bayesian statistical modeling 

 
In this section, I review the general theory of BSM. The novel ASR analytic procedure is 

described in detail in the next section. BSM (Watanabe, 2018) is a parameter estimation 

method that represents the inference results by a probability distribution called posterior 

distribution 

 

 𝛱(𝐰|𝐷) =
𝐿(𝐷|𝐰)𝜙(𝐰)

𝑍(𝐷)
, (5-1) 

 

where 𝐰 = (𝑤1, 𝑤2, ⋯ , 𝑤𝑞)
T
  is a vector of 𝑞  parameters to be estimated, 𝐷  is the 

observed data set and 𝜙 is a probability density function called the prior distribution, 

which needs to be determined for each parameter. 𝑍 is a normalizing constant defined 

by: 

 

 𝑍(𝐷) = ∫ 𝐿(𝐷|𝛕)𝜙(𝛕)d𝛕
Ω

. (5-2) 
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Ω ⊂ ℝ𝑞 is the set of all possible values of parameters (ℝ is the set of real numbers), 𝐿 

is called a likelihood function, which shows the probability of obtaining data 𝐷 given a 

set of values of parameters. It takes various forms depending on the problem to be applied. 

The likelihood function used in this study is explained in the next section. Although there 

have been various discussions on how to determine the prior distribution (Watanabe, 

2012), in this study, I set the distribution based on the information obtained in the actual 

application. The details are described in Section 5.3. 

 Because the posterior distribution 𝛱 is a joint probability distribution for all 

parameters, it is necessary to calculate the marginal posterior distribution (MPD)  

 

 𝜋𝑖(𝑤𝑖|𝐷) = ∫ 𝛱(𝐰|𝐷)d𝑤1 ⋯ d𝑤𝑖−1d𝑤𝑖+1 ⋯ d𝑤𝑞 (5-3) 

 

to obtain the results for each parameter. However, it is generally difficult to obtain 

posterior distribution and MPDs analytically; therefore, they are often simulated by 

Markov Chain Monte Carlo (MCMC) method (Hoffman & Gelman, 2014). There are 

many excellent texts on MCMC (Bishop, 2006; Ripley, 1987), so I do not describe the 

details and provide only a brief overview. 

In MCMC, a Markov process with a posterior distribution is generated on a 

computer as the stationary distribution, and the MPDs are obtained by sampling for each 

parameter from the Markov process. The most important point is whether the obtained 

sample sequences of each parameter converge to the true MPDs. There have been various 

methods for assessing convergence, and in this study, I adopted the widely used method 

of Gelman & Rubin (1992). In this method, the convergence decision is made according 

to the values 

 

 𝑅̂ = √
𝑁 − 1

𝑁
+

1

𝑁

𝐵

𝑊
 (5-4) 
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computed for each parameter from the multiple sample sequences with different initial 

values, where 𝑁  is the number of steps in the sample sequence (number of samples 

included), 𝐵 is the variance between sample sequences, and 𝑊 is the variance within a 

sample sequence (for the exact definition, see Brooks & Gelman (1998) and Gelman & 

Rubin, (1992)). In this method of determining convergence, I conclude that convergence 

has been achieved when the variation between multiple sample sequences starting from 

different initial values is less than the variation within each sample sequence. Gelman et 

al. (2013) proposed a criterion in which convergence is judged when there are three or 

more sample sequences and 𝑅̂<1.1 for all parameters, and the same criterion was used in 

this study. In this study, the MCMC was executed using the program coded in Stan 

programing language (Carpenter et al., 2017). 

The advantages of BSM are that it provides a flexible approach for using 

information that is known prior to the measurement in the form of prior distributions and 

quantitatively determines uncertainty as a probability distribution. 

 

5.3 Novel ASR method analytic procedure 

 
In this section, I present a novel analytic procedure of the ASR method based on BSM 

(hereinafter referred to as the "novel method"). In the novel method, the in-situ stress is 

estimated by applying a probabilistic model, which consists of a likelihood function and 

a prior distribution, to the anelastic normal strain recovery data. The results of the 

estimation are used as the results of the in-situ stress measurement. In the following 

sections, I provide detailed explanations on data, likelihood functions, and prior 

distributions used. 

The ASR constitutive equation used in this research is  

 

 𝜀(𝑡, 𝐧) = (𝜎𝑖𝑗𝑛𝑖𝑛𝑗 − 𝜎m)𝐽S(𝑡) + (𝜎m − 𝑝0)𝐽V(𝑡), (5-5) 

 

the same equation as in Chapter 3. 
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The data used in the novel method are the same as those used in the 

conventional method (Fig. 5-1), which is the time series data 𝐷 = {(𝑡𝑖, 𝛆𝑖)|𝑖 = 1~𝑚} 

of anelastic normal strain recovery measured with strain gauges. 𝑡𝑖 is the time elapsed 

from the start of the measurement, 𝛆𝑖 = (𝜀𝑖
1, 𝜀𝑖

2, ⋯ , 𝜀𝑖
𝑑)

T
 is a vector of the anelastic 

normal strain recovery data for 𝑑 directions (up to nine directions shown in Fig. 5-1 

(b)), and 𝑚 is the number of sampling points of the anelastic normal strain recovery 

data at time 𝑡𝑖. For details of the measurement procedure and system, see Lin et al. 

(2007). 

 In this study, I used simulated data rather than real data to examine the novel 

method. The details of the simulated data are shown in Section 5.4. 

 

 

Fig. 5-1 (a) Real anelastic normal strain recovery data measured on a sedimentary rock core 

collected in the eastern Nankai Trough (Modified from Nagano et al. 2014). The labels (xx, 

xy, and so on) indicate the nine directions in which anelastic normal strains were measured 

and correspond to those shown in (b). The temperature of the measured rock core is also 

shown. (b) Nine directions in which anelastic normal strains are measured with strain 

gauges. The directions of ±xy, ±yz, and ±zx are tilted at 45 degrees with respect to those of 

xx, yy, and zz. 

 

The likelihood function in this study consists of two components: (i) the 

constitutive equation (5-5) relating the anelastic normal strain recovery to the in-situ 
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stress tensor, and (ii) the probability density function to which the measurement error of 

anelastic normal strain recovery is subjected. In the conventional method, stress is 

calculated without assuming specific functional forms of ASR compliances in (5-5), but 

the novel method uses specific functional forms of these to calculate the in-situ stress. 

In this study, I use 

 

 

𝐽S(𝑡) =
1

2𝐺
(1 − exp (−

𝑡

𝜏s
)) 

𝐽V(𝑡) =
1

3𝐾
(1 − exp (−

𝑡

𝜏v
)), 

(5-6) 

 

which are obtained by assuming a three-element model consisting of two springs and 

one dashpot (Flügge, 1975). 𝐺 and 𝐾 are the shear modulus and bulk modulus of the 

rock comprising the measured rock core, 𝜏s and 𝜏v are the retardation times for the 

shear and volumetric deformation of the rocks, defined by 

 

 

𝜏S =
𝜂S

2𝐺
 

𝜏V =
𝜂V

3𝐾
, 

(5-7) 

 

where 𝜂S and 𝜂V represent the shear and volumetric viscosities of the rock, 

respectively. The retardation time is the time required for strain recovery to reach 63.2% 

of the total ASR. The ASR compliances used in this study have not yet been formulated 

to simulate dependence on the mean normal stress; therefore, the modification of ASR 

compliances (5-6) requires further study. The probability density function that the 

measurement error of the anelastic normal strain recovery obeys is considered to be a 

normal distribution. These conditions lead to a likelihood function 
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𝐿(𝐷|𝐰) = ∏
1

√(2𝜋)𝑑|𝚺|

𝑚

𝑖=1

× exp [−
1

2
(𝛆𝑖 − 𝛆̅(𝑡𝑖))

T
𝚺−1(𝛆𝑖 − 𝛆̅(𝑡𝑖))], 

(5-8) 

 

where 𝛆𝑖 is a vector with the measured data as elements, 𝛆̅ is a vector with the 

theoretical value of the anelastic normal strain recovery calculated from (5-5), and 𝚺 is 

a covariance matrix of multivariate normal distribution to which the measurement error 

of the anelastic normal strain recovery obeys. In this study, the measurement errors of 

the anelastic normal strain recovery were assumed to be constant regardless of the 

direction of measurement, and the measurement in each direction was independent. 

Therefore, 𝚺 = 𝑠𝐈 was used, where 𝑠 is a scalar representing the value of the variance 

that is common in all measurement directions, and 𝐈 is the 𝑑-dimensional unit matrix. 

The parameter to be estimated is 𝐰 = (𝜎11, 𝜎22, 𝜎33, 𝜎12, 𝜎13, 𝜎23, 𝑝0, 𝐺, 𝐾, 𝜏S, 𝜏V, 𝑠)T. 

There are several methods for determining the prior distribution as mentioned 

above. In this study, I propose that the prior distributions are determined based on the 

information obtained separately from the stress measurement (prior information). In the 

following, I explain three sets of prior information and prior distributions derived from 

prior information. 

 

Prior information 1 

The ranges of realistic values of each parameter were used as a priori information. The 

ranges of stress and pore pressure in the depth interval where the ASR method can be 

applied is from 0 MPa to 100 MPa. The possible ranges of the elastic moduli 𝐺 and 𝐾 

are from 0 GPa to 100 GPa, and the possible ranges of retardation times 𝜏S and 𝜏V are 

from 0 h to 100 h. 𝑠, which represents the measurement error, is >0. From the theory of 

elasticity, I can conclude that 𝐾 > 𝐺. Based on this prior information, I define prior 

distributions for each parameter. These are summarized in Table 5-1. 

 

Prior information 2 
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The vertical element of the stress tensor at the measurement depth is close to the 

overburden stress calculated from the average wet density of rocks that exist above the 

measurement depth, and the pore pressure at the same depth is expected to be close to 

the hydrostatic pressure calculated from the groundwater level. This prior information 

can be expressed as probability density functions of the vertical element of the stress 

tensor, and the pore pressure with the mean is the overburden pressure and hydrostatic 

pressure, respectively. In this study, the aforementioned prior information is expressed 

by setting the prior distribution of 𝜎33, which is the vertical element in the coordinate 

system used in this study, as a normal distribution with a mean of 𝜌r𝑔ℎ and a standard 

deviation of 5 MPa, and by setting the prior distribution of 𝑝0 as the normal 

distribution with the mean 𝜌w𝑔ℎw and standard deviation of 5 MPa. Note that the 

values of 𝜌r𝑔ℎ and 𝜌w𝑔ℎw are the true values of 𝜎33 and 𝑝0 (Value in Table 5-1), 

which are described in the next section. 

 

Prior information 3 

In some cases, measurements of the elastic moduli 𝐺 and 𝐾 can be obtained from 

experiments. I considered using these measurements as prior information. In this study, 

I represent this prior information by using 𝐺 and 𝐾 as constants rather than 

parameters to be estimated. In this study, the true values of 𝐺 and 𝐾 in Table 5-1, 

which are described in the next section, are used as measurements of the moduli. 

The information available varies from case to case, and many combinations of 

information are available for actual applications of stress measurement. Therefore, this 

chapter focuses on the following two patterns of case studies (combinations of prior 

information) to estimate the stress values. The first case is that in which both prior 

information 1 and 2 are available, which I call Case-1. The second case is that in which 

all prior information (1, 2, and 3) is available, which I call Case-2. The prior 

distributions of each parameter are shown in Table 5-1 for Case-1 and Case-2, 

respectively, where U[a, b] denotes a uniform distribution from a to b, and N[c, d] 

denotes a normal distribution with mean c and standard deviation d, respectively. 
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Summary of the novel method 

The procedure of the stress measurement in the novel method is summarized as follows: 

(i) the anelastic normal strain recovery of a rock core is measured in the same manner as 

in the conventional method, (ii) (5-8) and the prior distributions shown in Table 5-1 are 

applied to the measured anelastic normal strain recovery data, and then sampling by 

MCMC to obtain the MPDs of each parameter, and (iii) the obtained MPDs are regarded 

as the measurement results of in-situ stress and other parameters. Fig. 5-2 shows the 

flow. 

 

 

Fig. 5-2 Flow chart showing the concept of proposed analytic procedure. 

 

5.4 Simulated ASR data 

 
In the first stage of this study, the novel method was examined using simulated data of 

ASR generated from (5-5). The values of the parameters used to create the simulated data 
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are listed in Table 5-1. The magnitudes of the principal stresses calculated using stress 

tensor shown in Table 5-1 are 𝜎1 =39 MPa (the maximum principal stress), 𝜎2 =34 MPa 

(the intermediate principal stress), and 𝜎3 = 29 MPa (the minimum principal stress), 

respectively, and the direction of the intermediate principal stress is set to be subparallel 

to the vertical direction. The stresses and pore pressures were determined on the basis of 

the values around 1.5 km depth, and the coefficients of viscoelasticity of the rocks were 

determined on the basis of several references (Kobayashi & Ito, 1982; Kumagai et al., 

1986; Koji Matsuki, 2008), assuming that the rocks are granite. The true values of the 

parameters estimated in this study are shown in Table 5-1. To the simulated data, a random 

number following a normal distribution (mean 0, standard deviation 5×10-6) was added 

as a measurement error. The simulated data using the values in Table 5-1 are shown in 

Fig. 5-3. I used 48 hours of data from the start of the measurement for estimation to limit 

computational costs. The sampling interval was set to 10 min, which is the same as the 

actual measurement, and the number of sampling points was 288 in each direction. 

 

 

Fig. 5-3 Simulated ASR data developed by using (5-5) and values shown in Table 5-1. The labels (xx, 

xy, and so on) correspond to those shown in Fig. 5-1 (b). 
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Table 5-1 Parameters, values for simulated data, and prior distributions for each case. U[a, b] denotes 

a uniform distribution from a to b, and N[c, d] denotes a normal distribution with mean c and standard 

deviation d, respectively. 

 

 

  

Symbol Value

Case-1 Case-2

σ 11 35 U[0, 100] U[0, 100]

σ 22 30 U[0, 100] U[0, 100]

σ 33 37 N[37, 5] N[37, 5]

σ 12 1 U[0, 100] U[0, 100]

σ 13 2 U[0, 100] U[0, 100]

σ 23 3 U[0, 100] U[0, 100]

Pore pressure [MPa] p 0 15 N[15, 5] N[15, 5]

Shear modulus [GPa] G 30 U[0, K ] 30

Bulk modulus [GPa] K 50 U[0, 100] 50

Volumetric τV 13.33 U[0, 100] U[0, 100]

Shear τ S 22.68 U[0, 100] U[0, 100]

Variance [10
-12

] s U[0, 100] U[0, 100]

Retardation time [hour]

Parameter Prior distribution

Stress tensor [MPa]
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5.5 Results of novel procedure 

 
The MCMC in this study was performed using a supercomputer owned by Kyoto 

University, and a single simulation took approximately two hours. Fig. 5-4 and Fig. 5-5 

show the inference results of 𝜎11 and 𝜎12 in Case-1. Fig. 5-4 (a) and Fig. 5-5 (a) show 

the three sample sequences, programmed to start from different initial values, obtained 

by MCMC, and Fig. 5-4 (b) and Fig. 5-5 (b) show the resulting MPD. The initial values 

are the samples selected using a random number (independent of the probability model 

in use), and the number of steps is counted with the initial value as the first. Each sample 

sequence consisted of 1500 samples, giving a total of 4500 samples for each parameter. 

In Fig. 5-4 (a) and Fig. 5-5 (a), it can be seen that the sampling depends on the initial 

values up to approximately 100 steps. In general, samples up to several hundred steps are 

not used in the analysis because they are dependent on the initial values. This part of the 

sample is called the warm-up. In this study, I decided to define the warm-up as the samples 

up to 500 steps and not to use them for further analysis. Therefore, the following analysis 

was performed with 3000 samples for each parameter. The estimation results for Case-1 

and Case-2 are shown in Table 5-2. The table lists the mean (Mean), standard deviation 

(SD), left (2.5%) and right (97.5%) end of credible interval and 𝑅̂  values calculated 

using 3000 samples, excluding the warm-up of each parameter. 
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Fig. 5-4 Results of inference for 𝜎11 in Case-1. (a) Three Markov chains with different initial values. 

Each chain consists of 1500 samples. (b) Marginal posterior distribution obtained from three 

chains in (a). 

 

Fig. 5-5 Results of inference for 𝜎12 in Case-1. (a) Three Markov chains with different initial values. 

Each chain consists of 1500 samples. (b) Marginal posterior distribution obtained from three 

chains in (a). 
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 In this study, I discussed the estimation results from two points of view: (i) the 

uncertainty of the estimation results and (ii) the difference between the estimated value 

and the true value. The standard deviation of the MPD (SD in Table 5-2) is used as the 

measure of (i), and the difference between the mean and true values (the difference 

between the true value and Mean in Table 5-2) is used as the measure of (ii). In this chapter, 

I call the former uncertainty and the latter deviance, and I evaluate the estimation in which 

both uncertainty and deviance are small as good estimations. 

 In Case-1, the elastic moduli are assumed to be unmeasured and are parameters 

for estimation. The estimation results of the stress tensor (Table 5-2) show that the 

uncertainty of the non-diagonal elements (𝜎12, 𝜎13, and 𝜎23) are smaller than those of the 

diagonal elements (𝜎11, 𝜎22, and 𝜎33), while there is no significant difference in deviance 

between the diagonal and non-diagonal elements. The results of the estimates of the shear 

and bulk moduli show that both uncertainty and deviance are greater than the other 

parameters. Conversely, the retardation times, which represent the viscoelastic properties, 

are estimated to be better than other parameters. 

 I next examined the results of Case-2, where the elastic moduli are no longer 

parameters for estimation because it is assumed to be given in Case-2. The results of the 

stress tensor estimation show that the uncertainty of the non-diagonal elements is 

significantly less than that of the diagonal elements. Furthermore, unlike Case-1, the non-

diagonal elements of the deviance are smaller, indicating that I can estimate the true value 

more accurately. 

 Comparing the two cases, I conclude that the deviances are smaller in Case-2 

than in Case-1 for all parameters. In other words, the probability model in this study 

provides a more accurate estimate of the true value by providing the elastic moduli as 

prior information. This is an intuitively valid result. In contrast, uncertainty in the non-

diagonal element of the stress tensor decreases from Case-1 to Case-2, yet the decrease is 

hardly observed in the diagonal element and the pore pressure compared to the non-

diagonal element. In the estimation results of retardation times, there is almost no 

difference between Case-1 and Case-2, and both are considered to exhibit good estimation. 

 These results indicate that the quality of the estimation differs from one 
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parameter to another. A possible reason for the differences between parameters is the 

difference in the roles of the parameters in (5-5), which is the basis of the estimation. In 

other words, the differences in the importance of each parameter in (5-5) are supposed to 

result in different estimation results. Sensitivity analysis provides a framework to 

quantitatively evaluate the importance of parameters. In the next section, the differences 

in each parameter are discussed based on the sensitivity analysis. 
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5.6 Sensitivity analysis 

 
First, an overview of the sensitivity analysis is briefly described. A detailed explanation 

is presented elsewhere (e.g., Saltelli et al. (2008)). Given the function 𝑦 = 𝑓(𝐱), where 

𝐱 = (𝑥1, 𝑥2 ⋯ , 𝑥𝑞)
T

  is a parameter of this model. Sensitivity analysis provides a 

framework for quantitatively assessing the contribution of 𝐱  to the variation in 𝑦 

caused by variation in the parameter 𝐱. It has been pointed out that when performing 

parameter estimation, parameters with higher sensitivity can be estimated better than 

those with lower sensitivity (Farchmin et al., 2019). In this section, I present an analysis 

using the Sobol' method (Sobol’, 1990), a widely used sensitivity analysis in which the 

contribution of the variance of 𝑥𝑖 to the variance of 𝑦 is used as a sensitivity index. In 

this study, I use the Total Sensitivity Indices 𝑆T (Homma & Saltelli, 1996), which are 

used in Sobol’ method and considers both cases where there is interaction between the 

parameters and where there is not. In particular, I conducted a sensitivity analysis of Case-

2, which shows a significant difference in uncertainty. Fig. 5-6 shows the 𝑆T of each 

parameter calculated using (5-5). Fig. 5-6 (a) and (b) show the results when 𝐧 =

(1, 0, 0)T  is substituted in (5-5) (direction 𝑥𝑥 ), and 𝐧 = (cos 45∘ , sin 45∘ , 0)T  is 

substituted in (5-5) (direction 𝑥𝑦), respectively. The horizontal axis is the time elapsed 

since the start of measurement, and the figures show the value of sensitivity at each time. 

 For each element of the stress tensor and the pore pressure, the sensitivity of the 

diagonal element (in this case, 𝜎11) is large in absolute value in the 𝑥𝑥 direction, but the 

sensitivity of the pore pressure is relatively large compared to that of 𝜎11. Conversely, 

for the data in the 𝑥𝑦 direction, the sensitivity of the non-diagonal element (in this case, 

𝜎12) is relatively greater than the sensitivity of the other parameters. In this 𝑥𝑥 direction, 

the sensitivity of parameters other than the diagonal element is also relatively large, which 

indicates that the uncertainty is greater than that of the non-diagonal element. Because 

the retardation time represents the time constant of the strain recovery curve, it can be 

expected that the sensitivity increases in the early part of the measurement, where the 

curvature is large. In fact, the sensitivity of 𝜏S  increases at the beginning of the 

measurement. However, it can be observed that the sensitivity of 𝜏V is zero most of the 
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time. This suggests that low sensitivity is not necessarily associated with high uncertainty 

in the estimation by BSM. The different role of parameters in (5-5) is a possible reason 

why sensitivity and uncertainty do not necessarily correspond to each other. The 

retardation times 𝜏S and 𝜏V represent the time constants of the strain recovery curve 

and are responsible for determining the curvature. On the other hand, the stress tensor and 

pore pressure are coefficients of the curve and are responsible for determining the final 

amount of recovery. The relationship between BSM and sensitivity analysis has not been 

fully elucidated. Further researches are needed in this regard. 
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5.7 Summary 

 
In this study, I proposed a novel ASR analytic procedure that enables us to quantify the 

uncertainty of the measurement results and examined it using simulated data. I 

demonstrated that BSM can be used to quantitatively evaluate measurement error as the 

standard deviation of MPD. The results obtained by the novel method revealed that the 

uncertainty of the estimation results varies with each parameter. In particular, the 

uncertainty of the non-diagonal elements of the stress tensor (𝜎12 , 𝜎13 , and 𝜎23 ) was 

smaller than that of the other parameters in the estimation (Case-2) with the known elastic 

moduli. Sensitivity analysis revealed that this difference is partially impacted by 

parameter sensitivity. The results suggest that there is not necessarily a correspondence 

between the results of BSM estimates and sensitivity analysis. Further studies on the 

relationship between sensitivity and estimation uncertainty are required. 

 In this method, the stress tensor obtained by other methods can be used as an 

input to obtain the pore pressure more accurately and flexibly. This is especially effective 

when the pore pressure is not released instantaneously but gradually. Moreover, 

anisotropy can be incorporated into the compliance model, which makes it possible to 

perform measurements based on more accurate assumptions for rock samples such as 

sedimentary rocks where orthotropic anisotropy is prevalent. 
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Chapter 6  

 

A Novel Analyzing Procedure of ASR 

Method: Application 

 

 

6.1 Introduction 

 
In this chapter, the novel analysis procedure proposed in Chapter 5 is applied to real ASR 

data. The used ASR data were measured from rock core samples obtained from a borehole 

near the Nojima Fault, which is the source fault of the 1995 Mw 6.9 Kobe earthquake. 

Stress measurements by hydraulic fracturing and borehole breakout methods have been 

carried out at the depth where the samples were taken. In the discussion, I compare the 

results of the novel ASR method with those of other methods to examine the validity of 

the present method. In this chapter, the same variable symbols as in Chapter 5 are used. 

 

6.2 Core sample information 

 
This section describes the borehole where the used rock core samples were collected and 

the rock core samples themselves. 

 

6.2.1 Drilling site 

The rock core samples used in this study were obtained from a borehole located near the 

Nojima Fault, which is the source fault of the 1995 Mw 6.9 Kobe earthquake (also called 
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Hyogo-ken Nanbu earthquake). The Nojima Fault is a right-lateral strike-slip fault with 

minor thrust component. Its strike and dip are NE–SW and 75–80° southeast, respectively 

(Lin & Uda, 1996). The drilling was carried out from May 2017 to March 2018 for the 

purpose of collecting samples near the fault plane (Kyoto University, 2018). A total of 

five boreholes were drilled in this project, and the rock core samples used in this study 

were collected from the deepest borehole, called NFD-1. The locations of the boreholes 

and the geological map around the NFD-1 borehole are shown in Fig. 6-1. The NFD-1 

borehole was drilled to a maximum depth of about 1000 m and penetrated the fault plane 

at a depth of about 500 m.  
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Fig. 6-1 Maps of the tectonic setting and geological structures around the NFD-1. (a) Tectonic setting 

of Japanese Islands. (b) Geological map of the northern part of Awaji Island. (c)Location of 

the NFD-1. (d) Geological section, fracture density and composite logging profiles of NFD-1 

(After Nishiwaki & Lin, 2019).  
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6.2.2 Core samples 

The rock core samples used for analysis were eight and Table 6-1 shows their basic 

information. The rock core samples were all composed of granite and were retrieved in 

the depth range of 700 m~730 m. The depth is on the foot wall of the Nojima Fault. 

In order to determine the principal stress directions using a core sample, it is 

necessary to reorient the rock core sample. In this study, rock core samples were 

reoriented by matching the crack on the core surface with borehole images. The reference 

line orientation in the table is the position of the reference line taken at an arbitrary 

position on the core, measured eastward from north. 

 

Table 6-1 Core sample information. 

 

 

6.3 ASR data 

 
The used real ASR data were measured for each core sample using the same measurement 

system as described in Chapter 7. The measurement duration was about one month on 

average for each sample. However, considering the computational cost and the results in 

Chapter 5, the data up to about 48 hours after the start of measurement were used for the 

simulation. The anelastic normal strain recovery measurements using strain gauges were 

performed for the nine directions shown in Chapter 5, and two strain gauges were used in 

Sample ID Core Top Depth Lithology Reference line orientation

(m) (°)

ASR-17 710.78 granite 218.94

ASR-18 710.50 granite 252.22

ASR-19 711.34 granite 75.66

ASR-20 726.03 granite 243.74

ASR-21 726.24 granite 18.74

ASR-22 727.48 granite 179.12

ASR-23 727.61 granite 269.12

ASR-24 730.11 granite 147.83
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each direction. In this study, the data in the same direction were arithmetically averaged 

and the averaged values were used as the measured values for each direction. Data with 

obvious measurement errors such as strain gage breakage during the measurement 

interval were excluded. In addition, data variation due to temperature change was 

removed by simple moving average filter using 11 data points. 

Fig. 6-2 shows the measurement results of ASR-17 (depth 710.78 m) as an 

example. The data used in this study show a clear strain recovery curve, with recovery 

amounts ranging from a few hundred strains to several hundred strains in all directions. 

 

 

Fig. 6-2 ASR data of ASR-17 filtered by simple moving average using 11 data points (depth 710.78 

m). 
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6.4 Probability model used for inference 

 
6.4.1 Likelihood function 

The likelihood function used in this study is the same as the one described in Chapter 5, 

except for one difference. The difference is in the handling of the measurement start 

time. The actual measurement starts about three hours after the stress release by drilling. 

Therefore, it is necessary to incorporate this fact into the model. In this study, the 

theoretical equation for anelastic normal strain was defined by 

 

 𝛆̅′(𝑡𝑖, 𝑡d) = 𝛆̅(𝑡𝑖 + 𝑡d) − 𝛆̅(𝑡d) (6-1) 

 

to incorporate the delay time into the model. The delay in starting the measurement was 

approximately 3 hours for all samples, thus the value 𝑡d = 3 hour. The likelihood 

function and other equations used are listed again below: 

 

Likelihood function 

 

𝐿(𝐷|𝐰) =∏
1

√(2𝜋)9|𝚺|

9

𝑖=1

× exp [−
1

2
(𝛆𝑖 − 𝛆̅′(𝑡𝑖, 𝑡d))

T
𝚺−1(𝛆𝑖 − 𝛆̅′(𝑡𝑖, 𝑡d))] 

(6-2) 

Constitutive equation of ASR  

 𝜀(𝑡, 𝐧) = (𝜎𝑖𝑗𝑛𝑖𝑛𝑗 − 𝜎m)𝐽S(𝑡) + (𝜎m − 𝑝0)𝐽V(𝑡) (6-3) 

Real ASR data 

 𝛆𝑖 = (𝜀𝑖
1, 𝜀𝑖

2, ⋯ , 𝜀𝑖
9)T (6-4) 

ASR compliances 

 

𝐽S(𝑡) =
1

2𝐺
(1 − exp (−

𝑡

𝜏s
)) 

𝐽V(𝑡) =
1

3𝐾
(1 − exp (−

𝑡

𝜏v
)) 

(6-5) 

 



6.5 Results 

 103 

6.4.2 Prior information 

Uniaxial compression tests were conducted on two core samples taken from the same 

lithology and depth as the eight samples used in this study. From the results, the Young's 

modulus and the Poisson's ratio were calculated to be approximately 10 GPa and 0.25, 

respectively. Because the samples used in this study were retrieved from the same 

lithology and the same depth as two samples used for uniaxial compression tests, the 

elastic moduli are considered to be almost the same. Based on this consideration, these 

values were used as the elastic moduli for the eight samples used in this study. In addition, 

the overburden weight, which was calculated from the density profile of the rock, and the 

pore pressure, which was calculated from the groundwater level assuming a hydrostatic 

pressure condition, were also used as prior information. Therefore, the prior information 

1, 2 and 3 defined in Chapter 5 can be used, and the simulations were performed in the 

same conditions as in Case-2 in Chapter 5. The prior distributions of vertical stress and 

pore pressure were set to a normal distribution with mean 𝜌r𝑔ℎ, 𝜌w𝑔ℎw, and standard 

deviation of 5 MPa, as in Chapter 5. 

 

6.5 Results 

 
MCMC sampling was performed under the same conditions as in Chapter 5. 

Specifically, three independent MCMC sampling sequences consisting of 1500 samples 

were generated, and the first 500 samples were not used in subsequent analyses as a 

warm-up. The convergence of the simulation was verified using 𝑅̂. 

Fig. 6-3 shows the posterior distribution of 𝜎11 for ASR-17 as an example of 

the inferred results. The distribution has a symmetrical unimodal shape. Similar results 

were obtained for the other inferred parameters for the other core samples. 
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Fig. 6-3 Prior distribution of 𝜎11 obtained from ASR-17 data. 

 

Table 6-2 to Table 6-6 show the inferred results for the all parameters for the all core 

samples. The tables show the mean, left (2.5%) and right (97.5%) end of credible interval, 

and 𝑅̂ of the inferred posterior distributions. The 𝑛𝑥, 𝑛𝑦, and 𝑛𝑧 shown in Table 6-4 

to Table 6-6 represent each component of the directional cosine vector indicating the 

principal stress directions in the core coordinate system. The simulation results showed 

that 𝑅̂ < 1.1 for all parameters for all samples, indicating that the simulation converged. 

The standard deviation of each parameter shows that, as in the results for the 

simulated data in Chapter 5, the standard deviations are larger for the diagonal component 

of the stress tensor, while it is close to zero for the non-diagonal elements. For the 

diagonal elements, the standard deviation is 3 - 4 MPa, and this value is considered as the 

measurement error. 
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Fig. 6-4 shows the lower hemisphere equal area projections of the reoriented 

three principal stresses for each core sample. The figure shows all 3000 samples 

excluding the warm-up samples for each principal stress. The maximum principal stresses 

(𝜎1) are represented by red circles, the intermediate principal stresses (𝜎2) by green 

circles, the minimum principal stresses (𝜎3) by blue circles, respectively. 

 

 

Fig. 6-4 Lower hemisphere equal area projection of the three principal stresses of each sample. 
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Rose diagrams showing the maximum horizontal principal stress orientations 

obtained from the inferred stress tensors are shown in Fig. 6-5, and the maximum and 

minimum horizontal principal stress orientations and magnitudes are shown in Table 6-7. 

From Fig. 6-5, it can be seen that there are two trends in the direction of the maximum 

horizontal principal stress; ASR-17 20, 21, 22, 24, show the orientations of NE-SW to E-

W, which is subparallel to the fault plane of the Nojima Fault; .ASR-18, 19, 23 show the 

orientation of NW-SE to N-S, which is almost perpendicular to the fault plane. 

The reason for these results is that the values of 𝑆Hmax − 𝑆hmin are very small. 

For all the rock core samples, 𝑆Hmax − 𝑆hmin values close to 1 MPa, which is less than 

the measurement uncertainty based on the novel analysis. In other words, the maximum 

and minimum horizontal principal stresses are easily exchangeable. 

In the next section, the validity of this method is discussed by comparing the 

results of stress measurements by the hydraulic fracturing method and the borehole 

breakout method. 
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Fig. 6-5 Rose diagrams showing SHmax orientation obtained by the procedure proposed in this study. 

The north is located 0∘. 
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6.6 Discussion 
 

In this drilling project, the borehole breakout method has been carried out in the NFD-1 

borehole (Nishiwaki et al., 2018) and the hydraulic fracturing method has been conducted 

around 700 m depth in the AFD-1 borehole (Kyoto University, 2018; Yokoyama et al., 

2019). In this study, the applicability of the novel analysis procedure to real data was 

examined by comparing the results of the two stress measurements with those inferred by 

the novel analysis procedure. First, the validity of the novel procedure is examined based 

on the maximum horizontal principal stress directions calculated by Kyoto University 

(2018) and Nishiwaki et al. (2018). 

Fig. 6-6 shows the rose diagram showing SHmax orientation obtained by the 

borehole breakout method. This measurement was carried out in the NFD-1 borehole. 

The results show that the maximum horizontal principal stress direction is NE-SW at 

depths between 600 m and 1000 m. 

 

 

Fig. 6-6 SHmax orientations obtained by borehole breakout method. (After Nishiwaki et al., 2018). 

 

 Fig. 6-7 shows the maximum horizontal principal stress direction obtained by 

the hydraulic fracturing method. The fracture orientation was measured using a packer. 
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The results were measured in the AFD-1 borehole, and measurements were carried out in 

three sections from 725 m to 770 m depth. The results show that two orthogonal trends 

(NE-SW and NW-SE) have been obtained.  

 

 

Fig. 6-7 SHmax orientations obtained by hydraulic fracturing method. (After Kyoto University, 2018). 

 

The reason why the hydraulic fracturing results show such two different trends is not 

described in Yokoyama et al. (2019). However, as shown in Table 6-8, the maximum 

horizontal principal stress direction can be easily rotated by 90° because the value of 

𝑆Hmax − 𝑆hmin in the 769 m section is very small. 

Based on these two results, the true maximum horizontal principal stress 

orientations at the depth of 700 m is assumed to be NE-SW or NW-SE. Considering the 

fact that 𝑆Hmax − 𝑆hmin is very small in the novel analysis procedure, the results are in 

very good agreement with the inference results of the maximum horizontal principal 

stress direction shown in Fig. 6-5. 

Next, the magnitudes of the maximum and minimum horizontal principal 

stresses obtained by the hydraulic fracturing method and those obtained by the novel 
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analysis procedure are compared. The minimum horizontal principal stress values 

obtained by the hydraulic fracturing method are 12-15 MPa in the 725 m and 726 m 

sections, which are in good agreement with the values obtained by the novel procedure. 

On the other hand, the maximum horizontal principal stress values of 19-26 MPa were 

obtained by the hydraulic fracturing method. These values are larger than the results of 

the novel procedure considering the uncertainty. This point requires further investigation, 

considering the reliability of the maximum horizontal principal stress value obtained by 

the hydraulic fracturing method. 

 

Table 6-8 Hydraulic fracturing results obtained in the AFD-1 borehole. (After Yokoyama et al., 2019). 
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6.7 Summary 
 

In this chapter, the novel analysis procedure for ASR data proposed in Chapter 5 is applied 

to the real ASR data of core samples obtained in the vicinity of the Nojima Fault, and 

examined the validity of the procedure. The simulation converged for all eight samples 

used in the simulation, and the standard deviation inferred showed the same trend as the 

results for the simulated data in Chapter 5. This indicates that the simulations on the real 

data were successful. 

By comparing the stress estimates obtained by the novel procedure with those 

obtained by the hydraulic fracturing and borehole breakout methods, the maximum and 

minimum horizontal principal stress orientations were agreed with each other. The 

validity of this method should be further examined by applying it to other regions and 

various rock types for future work. 
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Chapter 7  

 

Stress State Around the Source Fault 

of the 2016 Kumamoto Earthquakes 

 

 

7.1 Introduction 

 
The relationship between earthquakes and stresses has been extensively studied (e.g., 

(Hardebeck, 2004, 2012; Hardebeck & Hauksson, 2001; Lin et al., 2013; Nishiwaki et al., 

2018; Stein, 1999; Toda et al., 1998). These studies revealed that the stress state in the 

fault zone influences the rupture process of the fault, and that the stress state in the fault 

zone is significantly changed by the motion of the fault during an earthquake. On the 

other hand, there is still much that remains to be clarified. In particular, there are few 

detailed in-situ stress measurements in the vicinity of the source fault, and more actual 

measurement results are needed for more accurate discussion. 

The 2016 Kumamoto earthquake consisted of a series of earthquakes that began 

with an MJMA 6.5 earthquake (henceforth referred to as the foreshock) with an epicenter 

on April 14, 2016 at 21:26 JST. on the northern part of the Hinagu Fault (Japan 

Meteorogilcal Agency, 2016). On April 16, 2016, at 1:25 JST., approximately 28 hours 

after the previous earthquake, an earthquake with an MJMA of 7.3 (hereafter referred to as 

the mainshock) occurred. Asano & Iwata (2016) and Kubo et al. (2016) pointed out that 

this series of earthquakes was generated by a complex mechanism where the rupture of 

the mainshock started from the deep portion of a northwest-dipping fault plane along the 
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Hinagu Fault and continued to be transferred to the Futagawa Fault and propagated 

northeastward and upward to generate significant slips with surface breaks. Matsumoto 

et al. (2015), Yoshida et al. (2016), Matsumoto et al. (2018), Yu et al. (2019) and Mitsuoka 

et al. (2020) determined the stress state around the epicenter area (10-20 km depth) before 

and after the earthquakes based on the focal mechanism solution, and they found that, 

between the foreshock and the mainshock, the direction and absolute value of the 

principal stress varied greatly in time and space. 

Although the determination of the stress state by the seismic mechanism is useful 

for determining the regional stress field, more detailed in-situ stress measurements such 

as hydraulic fracturing, analysis of borehole breakout, and in-situ stress measurements 

using rock core samples are required to determine the in-situ stress near the fault. In this 

study, in-situ stress measurements in the vicinity of the fault were carried out by applying 

inelastic strain recovery method, one of the stress measurement methods using core 

samples, to rock core samples taken during scientific drilling (Kyoto University, 2018) 

near the source fault after the 2016 Kumamoto earthquakes. 

 

7.2 Drilling site 

 
In this study, ASR method was applied to the core samples collected during scientific 

drilling (Kyoto University, 2018) that took place between September 2017 and March 

2018. The drilling site is located at the southwest part of the Futagawa Fault (32°48'22" 

N, 130°51'36" E, Fig. 7-1), and a vertical borehole with a maximum depth of about 700 

m was drilled. The hole was drilled down to 666 m, and then branch drilling was carried 

out from 450 m down to 691 m (slope of about 1°). The former is called FDB-1 and the 

latter is called FDB-1R, and they are collectively called FDB. 

The depth of the FDB-1R borehole is strictly the drilling depth, but since the 

inclination of the borehole is small (about 1°), it is considered the same as the vertical 

depth in this paper. FDB-1 penetrates faults at depths of 354 m, 461 m, and 576 m, and 

the similar fault to the one at 576 m has been identified in FDB-1R at a depth of 598 m 

(Kyoto University, 2018; Shibutani et al., 2019). 
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Fig. 7-1 Map around the drilling site. A black circle (FDB) in the figure indicates the location of the 

borehole, and black and white stars indicate the epicenter of the foreshock (April 14, 2016) 

and the mainshock (April 16, 2016), respectively. Small circles in the figure indicate the 

epicenters of earthquakes of magnitude 2.0 or greater that occurred between the mainshock 

and May 4, 2016. (Modified from Toda et al. 2016). 

 

 

7.3 Core samples 

 
The core samples were taken in the interval between the FDB-1 and FDB-1R boreholes 

at a depth of 302 m to 691 m (Fig. 7-2). A total of 20 core samples collected from the 

FDB were used for ASR measurements. For 14 samples above 505 m depth, the maximum 

ASR was less than 100 μstrain, which is comparable to the noise caused by room 

temperature changes, and it was difficult to accurately distinguish the strain recovery from 

the noise. Therefore, core samples shallower than about 505 m in depth could not be used 
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for in-situ stress analysis.  

The six core samples shown in Table 7-1 and Fig. 7-2 were used in the analysis, 

collected in the range of 518-667 m depth. FDB-11, 12, and 13 were sampled from the 

upper part of Fault 576 (Fault 598), and FDB-16, 17, and 19 were sampled from the lower 

part of Fault 576. 
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Fig. 7-2 Figure showing the geological column of the FDB. Fault depths and sampling locations are 

also indicated in Fig. 7-1. The depth of the lithological boundary was confirmed by FDB-1, 

and fault 598 is the same fault as fault 576, which was confirmed by FDB-1R. (Modified from 

Shibutani et al., 2021).  
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Table 7-1 Information of the core samples. 

 

 

7.4 Measuring System 

 
A schematic diagram and picture of the measuring system used in this study are shown in 

Fig. 7-3 and Fig. 7-4. The anelastic normal strain recovery of each core sample was 

measured continuously by strain gauges with an accuracy of less than ±10 μstrain over a 

period of at least two weeks. Tokyo Measuring Instruments Laboratory’s FLA-10-11 

(single-gauge) and FCA-10-11 (cross-gauge) strain gages were used, and Kyowa 

Dengyo’s UCAM-60B-AC and USB-70B-10s were used as data loggers and scanning 

boxes, respectively. The sampling interval is set to be 10 minutes. 

 

 

Fig. 7-3 Schematic diagram of ASR meausring system. 

 

Sample ID Borehole

Core Top 

Depth

Wet bulk 

density Porosity Lithology

(m) (10
3 
kg/m

3
) (%)

FDB-11 518.74 2.42 11.5 andesite block in conglomerate

FDB-12 523.00 2.01 39.0 siltstone

FDB-13 557.00 1.93 49.3 sandstone

FDB-16 649.50 2.29 26.1 conglomerate

FDB-17 653.00 2.63 10.5 andesite

FDB-19 666.80 1.90 48.1 conglomerate

FDB-1

FDB-1R
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Fig. 7-4 ASR measuring system. 

 

The measurements were performed in a measurement room on-site because it is 

desirable to perform the measurements as soon as possible after drilling. Measurements 

of anelastic normal strain recovery for each core sample in this study were initiated within 

2-3 hours after drilling. The strain gages were attached to the core samples using adhesive 

before pore water dries up. In order to consider the possibility of measurement defects 

such as strain gauge breakage during the measurement period, the anelastic normal strain 

recovery in 9 directions (shown in Fig. 7-5), including 6 independent directions was 

measured using two strain gages in each direction, with a total of 18 strain gages. By 

using the least-squares method for the obtained inelastic vertical strain recovery in nine 

directions, 𝜀𝑖𝑗(𝑡) is calculated. Fig. 7-6 shows the used core sample (FDB-11). 
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Fig. 7-5 Nine directions in which anelastic normal strains are measured with strain gauges. 

 

To prevent thermal expansion and shrinkage, the core samples to which strain 

gauges were attached were placed in a sealed waterproof plastic and aluminum bag and 

placed in a thermostatic bath (Fig. 7-7). The water temperature in the thermostatic bath 

was controlled by the temperature control system to be within the range of 15.0±0.2 °C, 

and the system was continuously checked by a thermometer to ensure proper operation. 

In this study, we will not consider thermal expansion and contraction because 𝛥𝑇(𝑡) ≈

0. 

The strains were measured using a three-wired connection method that allows 

self-temperature compensation of the strain gauge leads. If the room temperature 

variation is large and the effect on the measuring device cannot be ignored, the measured 

values are corrected based on the strain data of a dummy sample (core sample for which 

ASR is already finished) that is being measured at the same time as the measured sample 

(e.g., Lin et al. (2007)). In this study, we did not perform this correction because there 

were no samples that could be corrected by a dummy sample. 
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Fig. 7-6 Picture of used core sample (FDB-11). 

 

 

 

Fig. 7-7 Core sample packed by aluminium bag. 
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7.5 Result 

 
7.5.1 Result of ASR measurement 

 

Fig. 7-8 shows the ASR results for FDB-12 taken from the 523.00 m depth of the FDB-1 

hole (all sampling depths are represented by the depth of the top of the core sample). The 

measurement period for this data was 35 days. 

 

 

Fig. 7-8 ASR results for sample FDB-12 (FDB-1 hole, 523.00 m depth). (a) Anelastic normal strain 

recovery in nine directions and room and water temperatures with time. (b) ASR in the three 

principal strain directions and mean normal strain direction, as well as changes in room and 

water temperature with time. 
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Fig. 7-8 (a) shows the ASR in the nine directions, and Fig. 7-8 (b) shows the 

ASR in the three principal strain directions and average anelastic normal strain recovery 

obtained from the anelastic normal strain recovery shown in Fig. 7-8 (a). The letters such 

as 𝑥𝑥  in Fig. 7-8 (a) indicate the direction, and 𝜀1 , 𝜀2 , 𝜀3 , and 𝜀m  in Fig. 7-8 (b) 

represent the maximum, intermediate, minimum, and mean normal strain recovery, 

respectively. Fig. 7-8 shows the temperature in the water bath and the room temperature 

in the measurement room during the measurement period. The water temperature 

variation was kept within ±0.2 °C, confirming that the temperature control system was 

working properly. 

The final anelastic normal strain recovery was in the range of 100-400 μstrain in 

all nine directions, which was greater than the accuracy of the measurement system (±10 

μstrain), and the clear trend of ASR made it possible to use these data for three-

dimensional stress analysis. 

A fluctuation of a few to dozens of μ strains was observed in the strain data. 

However, as shown in Fig. 7-8, the correlation with the daily variation of room 

temperature above 10°C was observed, which indicates that this was due to the effect of 

temperature change to which the recording system was subjected. These effects were 

confirmed to be negligible because there was no significant difference between the stress 

results obtained from unprocessed ASR data and those obtained from the moving-

averaged ASR data. 

On the other hand, for samples shallower than 505 m, for which stress analysis 

was not possible, the ASR curve was obscured by noise from room temperature changes 

because the ASR was as small as ~60 μstrain, as shown in Fig. 7-9. The sample in Fig. 

7-9 (a) were collected from a depth of 336.84 m. Due to a power outage that occurred at 

the drilling site during the measurement period of this sample, the temperature could not 

be properly controlled for about 60-140 hours after the start of measurement. 

The sample in Fig. 7-9 (b) was collected from a depth of 505.53 m. There was a 

tendency to increase the strain due to ASR, but it was comparable to the noise from room 

temperature changes. Both samples could not be used for stress analysis because the ASR 

was unclear. The cause of this small ASR can be due to the small absolute value of in-situ 
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stress and the small ASR compliance of the rock. 

 

 

Fig. 7-9 Examples of ASR measurement results for which stress analysis was not possible. (a) FDB-

02 (FDB-1 hole, depth 336.84 m). (b) FDB-10 (FDB-1 hole, depth 505.53 m). 

 

7.5.2 Orientations of principal stresses 

 

Fig. 7-10 shows the results of reorientation of FDB-12 and FDB-19 using rock remanent 

magnetization detailed in Chapter 4. Fig. 7-10 (a) and (c) is called the Zijderveld diagram, 
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which projects the endpoints of the remanent magnetization vectors obtained by 

progressive demagnetization of the remanent magnetization recorded in the core sample 

(Butler, 1992).  

 

 

Fig. 7-10 Results of FDB-12(a, b) and FDB-19(c, d) reorientation. (a, c) Projection of the progressive 

demagnetization onto Zijderveld diagrams. The 𝑥𝑥, yy, and 𝑧𝑧 axes in the figure are those 

of the core coordinate system shown in Fig. 7-5. The numbers in the figure indicate the 

number of steps for progressive demagnetization. (b, d) Schmidt net lower hemisphere 

projection of the orientation results of eight cut-out specimens. The angles in the figure are 

measured clockwise with the reference line on the core sample set at 0°. Triangles are the 

average orientation of the eight specimens and circles are the 𝛼95 confidence limits. 

 

Black circles and black open circles project the endpoints of the remanent 
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magnetization vectors obtained at each demagnetization step from three-dimensional 

space onto the  𝑥1𝑥2  and 𝑥1𝑥3  planes. The solid straight line in the figure is an 

approximate line for the primary remanent magnetization component. The angle between 

the approximate line to the black circle and the 𝑥1 axis is the declination angle, and the 

angle between the approximate line to the white circle and the 𝑥1 axis is the inclination 

angle. Light black and white circles indicate secondary remanent magnetization 

components. 

Fig. 7-10 (b) shows the results of the remanent magnetization measurements for 

eight specimens cut out of FDB-12 and projected into a Schmidt net in the lower 

hemisphere. The triangles represent the averaged orientation of the eight specimens, and 

this averaged orientation was used for the orientation of the samples. The circle in the 

figure represents the 95% confidence limit angle 𝛼95. 

Table 7-2 shows the results of the reorientation of each sample. The measurement 

accuracy (Rank) of the remanent magnetization was determined by applying a statistical 

treatment to the remanent magnetization orientation of eight specimens cut from a single 

core sample. Details are described in Chapter 4. The treatment of a sample with a Rank 

B is decided based on the significance of the sample and other factors. In this study, each 

rock core sample was considered to be of high importance because they are representative 

of the depth where the samples are retrieved, and we decided to use samples with a Rank 

of up to B to determine the direction of the principal stress. 
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Table 7-2 Results of reorientation. 

 

 

The two samples shown in Fig. 7-10 (FDB-12, 19) are both Rank B samples. For 

FDB-16 and FDB-17, the inclinations are negative in both cases. The reason for this is 

that the two samples were taken from reversed polarity intervals. FDB-16 is a 

conglomerate, and each conglomerate that makes up the sample could have a different 

remanent magnetization direction. However, since the remanent magnetization is 

relatively coherent, with an 𝛼95 of 37.0° obtained from eight specimens, the remanent 

magnetization was evaluated to point to the current true south direction. For such a sample, 

since the remanent magnetization vector points to the current true south, we use the value 

of the declination plus 180° to perform the reorientation. Azimuth for ASR in Table 7-2 

represents the angle between true north and the reference line of the core sample, and the 

value of declination is used for positive inclination and 180° plus declination for negative 

inclination. 

Using the results of reorientation, the direction of the principal strain is 

transformed from the core coordinate system to a geographic coordinate system and 

projected into a Schmidt net in the lower hemisphere, as shown in Fig. 7-11. Since the 

directions of principal strains coincide with the directions of principal stresses, these 

figures represent the direction of principal stresses. Each Schmidt net describes not only 

the three principal stress directions, but also the maximum and minimum horizontal 

principal stress directions. For all samples except FDB-11, the maximum principal 

Sample ID Declination Inclination Azimuth for ASR α 95 Rank

(°) (°) (°) (°)

FDB-11 208.9 10.1 208.9 3.4 A

FDB-12 54.4 63.4 54.4 10.3 B

FDB-13 358.7 44.9 358.7 5.7 B

FDB-16 38.0 -51.7 218.0 37.0 B

FDB-17 52.5 -1.5 232.5 2.6 A

FDB-19 91.2 40.7 91.2 5.8 B
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stresses were almost vertical, and the directions of the maximum horizontal stresses were 

NNE-SSW to ENE-WSW, which were almost parallel to the strike of the Futagawa Fault 

(N60°E) at this study site. The samples in FDB-11 and FDB-17 are andesite 

conglomerates in the conglomerate phase, and the elastic moduli of the core samples are 

considered to be significantly different from those of the surrounding substrate. Therefore, 

the measured stresses are considered to be representative of the conglomerate's condition 

and not of its stress state. Thermal remanent magnetization records the direction of the 

magnetic field at the moment the rock reaches a temperature below the Curie point. 

 

 

Fig. 7-11 Projection of the principal stress directions. Schmidt net lower hemisphere projection is 

shown. The three principal stresses and the maximum and minimum horizontal stresses 

are described in the figure. 

 

Therefore, FDB-11 and FDB-17, which are andesite conglomerates in the conglomerate, 
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would have been affected by the original magnetization of the conglomerates if they had 

not been heated above the Curie point during deposition and it was possible that the 

orientation of the earth's magnetic field was not properly evaluated. However, in this study, 

all samples except FDB-11 show a similar trend in the direction of principal stresses, 

suggesting that they have been successfully reoriented. 

 

7.5.3 Magnitudes of principal stresses 

 

The magnitudes of principal stresses were determined according to the method described 

in Chapter 3. 

The vertical stress 𝜎v  was assumed to be equal to the overburden stress 

calculated from the average density of the rocks above the measurement point (sampling 

depth), and 𝜎v = 𝜌r 𝑔ℎ . The pore pressure 𝑝0  was assumed to be equal to the 

hydrostatic pressure, and 𝑝0 = 𝜌w 𝑔ℎw. 𝑔 = 9.8 m/s2 is the gravitational acceleration, 

ℎ is the depth of the measurement point, ℎw is the distance between the measurement 

point and the groundwater surface, and 𝜌r and 𝜌w are the average density of the rock 

and the density of water, respectively. In this study, 𝜌w  =  1.0 × 103 kg/m3  and the 

average density was set to 𝜌r =  2.3 × 103 kg/m3 based on density measurements by 

the buoyancy method (about 300-660 m, 45 samples) (Sano et al., 2019). The ideal water 

level for the pore pressure calculation was that at the time of sample stress relief (at the 

time of drilling), but it was difficult to obtain the exact groundwater level at the time of 

drilling. In the FDB, groundwater levels have been measured for about two years after 

the completion of the drilling, and it has been reported that the groundwater level ranges 

from 41 to 44 m in depth32). Because the FDB boreholes were drilled during the dry 

season (January-March), the pore pressure was determined using a value of 44 m, where 

the groundwater level is relatively low. 

The magnitudes of principal stresses calculated on the basis of the above 

conditions are shown in Table 7-3. The values of the overburden stress and hydrostatic 

pressure used to calculate the principal stresses are also shown in the table. The results 

show that the maximum principal stress (𝜎1) ranges from 11.9 MPa to 16.5 MPa, the 
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intermediate principal stress (𝜎2) from 9.6 MPa to 14.7 MPa, and the minimum principal 

stress (𝜎3) from 8.5 MPa to 11.0 MPa. The horizontal differential stress 𝑆Hmax − 𝑆hmin 

ranged from 0.5 MPa to 4.7 MPa. 
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The southeast side of the FDB was hilly and the topography could affect the results of the 

stress measurements. However, the largest difference in height was about 120 m within a 

500 m radius around the borehole and the depths at which the stress measurements were 

successful were greater than about 520 m. This suggests that the topography did not 

significantly affect the measured stress results at the measurement depths of this study. 

 

7.6 In-situ stress state after 2016 Kumamoto 

earthquake sequence 

 
The results of the in-situ stress measurements in this study were obtained using samples 

collected between January 2018 and March 2018. Thus, the resulting stress tensor is about 

2 years after the earthquake. 

The ASR results show that the maximum principal stress (𝜎1) was approximately 

vertical in the 523-667 m depth range. In-situ stress measurements have been conducted 

in FDB boreholes using hydraulic fracturing method at a depth of 400 m (Kyoto 

University, 2018). The results of the hydraulic fracturing tests at 411.5 m and 431.6 m 

showed that the maximum principal stresses were directed in the vertical direction. 

These results indicate that the normal faulting stress regime was dominant in the 

section of 412-667 m depth around the Futagawa Fault. The surface ruptures, which 

occurred at the time of the 2016 Kumamoto earthquake’s main shock, were found to be 

purely right-lateral, with a maximum displacement of 2.2 m (Shirahama et al., 2016) and 

almost no vertical displacement was observed at the study site. Therefore, it is suggested 

that the maximum horizontal principal stress (𝜎1 ) was significantly reduced with the 

earthquake, although the strike-slip faulting regime was dominant before the earthquake 

in this study area. The fact that the post-seismic stress state was of the normal faulting 

stress regime, as revealed by this study, supports this interpretation. Furthermore, this 

study found that the maximum principal stress (𝜎1 ), which was horizontal before the 

earthquake, was less than the vertical stress (intermediate principal stress (𝜎2) before the 

earthquake) governed by the density of the formation after the earthquake. 

The results of the normal faulting stress regime after the earthquake and the 



7.7 Results obtained by the novel analysis procedure 

 139 

change in the stress state from the strike-slip faulting stress regime to the normal faulting 

stress regime before and after the earthquake were also confirmed by the focal mechanism 

analysis at the hypocenter depth (Mitsuoka et al., 2020; Yoshida et al., 2016; Yu et al., 

2019). In this study, these results were also confirmed by stress measurements using the 

ASR method. 

In all samples except FDB-11, the minimum horizontal principal stress (𝑆hmin) 

in the horizontal plane was oriented in the NNW-SSE to WNW-ESE direction, which was 

almost orthogonal to the strike of the Futagawa Fault (N60°E) at this survey site. In other 

words, results of horizontal principal stress measurements made about two years after the 

2016 Kumamoto earthquake suggest that the shear stresses that cause strike-slip on the 

Futagawa Fault plane were small. This result is also consistent with the post-seismic stress 

state determined by Yoshida et al. (2016) and Yu et al. (2019). As pointed out by Yu et al. 

(2019), the direction of the minimum principal stress (𝜎3) was subparallel to the N-S 

direction, which is the expansion direction of the Okinawa Trough (Tada, 1985). These 

results indicate that the post seismic stress state in relatively shallow areas, obtained by 

the ASR method, was dominated by the same stress state as the regional stress field 

inferred from the focal mechanism analysis and the plate motion. These results suggest 

that the same changes in stress state occurred in the shallow part as in the deep part, which 

is determined by the focal mechanism analysis. 

 

7.7 Results obtained by the novel analysis 

procedure 

 
In this section, results of the application of the novel analysis procedure proposed in 

Chapter 5 to the measurement data collected from the FDB samples are described. 

 

7.7.1 Prior information 

The prior information used was the same as in Case-2 described in Chapter 5. The values 

of vertical stress 𝜎v and pore pressure 𝑝0 used in the analysis of each sample are listed 

in Table 7-3.  
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Because there were no measured elastic moduli for FDB samples, in this study, the elastic 

moduli were calculated using the longitudinal elastic velocities 𝑉𝑃  and the Poisson's 

ratio 𝜈 as follows. 

First, the transverse wave velocity 𝑉𝑆  is calculated based on the relation 

between the ratio of elastic wave velocity and Poisson's ratio 

 

 
𝑉𝑃

𝑉𝑆
= √2

1 − 𝜈

1 − 2𝜈
. (7-1) 

 

The elastic moduli of the rock core sample were determined by substituting the calculated 

transverse wave velocity and the measured longitudinal wave velocity into the equations 

 

 
𝐾 = 𝜌 (𝑉P

2 −
4

3
𝑉S

2) 

𝐺 = 𝜌𝑉S
2 

(7-2) 

 

The longitudinal velocity 𝑉𝑃 was obtained by sonic logging (Kyoto University, 2018). 

The Poisson's ratio 𝜈 was set to 0.25 based on literature values (Schön, 2015). 

 

7.7.2 Results of inference 

 

The inference results are shown in Table 7-4 to Table 7-8. The tables show the results for 

both converged and non-converged results. The results show that the MCMC simulation 

converged for four samples, FDB-11, 13, 16, and 19, while FDB-12 and FDB-17 did not 

converge according to the convergence method in Chapter 5 because 𝑅̂ ≥ 1.1 for some 

parameters. 
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Fig. 7-12 shows the lower hemisphere equal area projections of principal stresses 

obtained from each sample. 

 

Fig. 7-12 Lower hemisphere equal area projection of the three principal stresses of each sample. 

 

7.8 Summary 

 
In this study, stress measurements were performed in the vicinity of the Futagawa Fault, 

which was the source fault of the 2016 Kumamoto earthquakes, using ASR method. The 

in-situ stress state obtained in this study is about two years after the earthquakes. The 

results show that a normal faulting stress regime, in which the maximum principal stress 

(𝜎1 ) is oriented vertically, is dominant in the vicinity of the Futagawa Fault after the 

earthquakes. It is suggested that the maximum principal stress (𝜎1), which was in the 

horizontal plane before the earthquake, was significantly reduced by the fault motion 

during the earthquake. The results obtained in this study support the hypothesis that the 

dominant post-seismic stress state is of normal faulting stress regime. It is necessary to 

continue to measure stress in the source region by using various methods that are 

complementary to each other, because there is no definitive stress measurement method 

at present.  
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Chapter 8  

 

Conclusions 

 

 

In this study, the conventional analysis technique of ASR data was applied to some real 

fields including active fault drilling projects at Futagawa Fault ruptured during the 2016 

Mw 7.0 Kumamoto earthquake mainshock to investigate stress state in the vicinity of the 

fault after the earthquake. Next, a novel analysis procedure of ASR (Anelastic Strain 

Recovery) data based on Bayesian statistical modeling was proposed, and the core sample 

reorientation method was improved in order to improve the ASR method. The main 

results of each study are described below. 

 In Chapter 2, an overview of existing stress measurement methods was given, 

classifying them into core-based and non core-based methods. We found that each method 

of stress measurement is applicable only under certain conditions and that there is no 

universal method for stress measurement. The ASR method is a promising method that 

can be used complementarily with other stress measurement methods. 

 In Chapter 3, existing ASR data analysis technique was reviewed, and the ASR 

method was found to be one of the few stress measurement methods that can determine 

the three dimensional stress tensors by itself. Existing ASR analysis method determines 

in-situ stress based on several assumptions that should be verified by measurements and 

simulations. Further research is needed to verify the validity of these assumptions and the 

constitutive equations used. In addition, research on quantitative evaluation of the 

accuracy of measurement results is also desired. 

 In Chapter 4, improvement of the reorientation method of core samples, which 
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is necessary when using the core-based method, was described. In order to evaluate the 

accuracy of the reorientation results, this study proposes a method to cut out nine 

specimens from a single core sample and measure the remanent magnetization of eight of 

them in order to evaluate the reliability of the measurement results. In addition, the effects 

of secondary remanent magnetization due to drilling on core reorientation were examined, 

and efforts to evaluate data quality were described. 

 In Chapter 5, a novel analysis method based on Bayesian statistical modeling for 

the ASR method was proposed. In this chapter, the validity of the method was verified 

using simulated ASR data. The results show that the uncertainty of the diagonal 

component of the stress tensor is larger than that of the non-diagonal component. In order 

to investigate the cause of this, an analysis based on sensitivity analysis was conducted. 

Sensitivity analysis indicated that there was a certain correlation between the sensitivity 

of the parameter and the uncertainty of the parameter inference. 

 In Chapter 6, the results of applying the new analysis method described in 

Chapter 5 to a real ASR data set obtained from the Nojima Fault drilling project were 

described. The simulations converged for the data of all core samples, and the results 

show a similar trend to the inferred results for the simulated ASR data obtained in Chapter 

5. The results of stress measurements by borehole breakout and hydraulic fracturing 

method were compared with the results obtained in this study, and similar results of 

horizontal maximum stress (𝑆Hmax) were obtained by all three methods. The comparison 

of the magnitude of minimum horizontal principal stress obtained by the hydraulic 

fracturing method with the results obtained in this study also shows consistent results. 

These results indicate that the method can be applied to real ASR data. 

 In Chapter 7, stress measurements using the conventional ASR method were 

performed near the Futagawa Fault, one of the source faults of the 2016 Kumamoto 

earthquakes, and in-situ stress measurements after the earthquake were successfully 

carried out on six rock core samples including a conglomerate rock. The result that the 

post-earthquake stress state is the normal faulting stress regime is consistent with the 

results of stress measurements in the area, which were obtained using hydraulic fracturing 

and focal mechanism analysis. Furthermore, the direction of the minimum horizontal 
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principal stress is almost orthogonal to the strike of the Futagawa Fault, indicating that 

the horizontal shear stress that causes lateral slip on the fault plane is small. The last 

section describes the application of the novel analysis procedure to the same ASR data 

used for conventional ASR method in this chapter. 

 By applying the ASR method, I determined a dominant normal faulting stress 

regime in the vicinity of the Futagawa Fault ruptured during the 2016 Kumamoto 

earthquake. In addition, the application of Bayesian statistical modeling to the ASR 

method provides, for the first time, an effective approach to quantitatively evaluate the 

uncertainty of the measurement and to significantly improve the reliability of the 

measurement results. The knowledge gained in this study is expected to contribute to 

research and practice in various fields of earth engineering such as underground resource 

development and a wide range of earth sciences such as structural geology. 
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