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Abstract It is desirable to combine the stress measurement

data produced by different methods to obtain a more reli-

able estimation of in situ stress. We present a regional case

study of integrated in situ stress estimation by hydraulic

fracturing, observations of borehole breakouts and drilling-

induced fractures, and numerical modeling of a 1 km-deep

borehole (EXP-1) in Pohang, South Korea. Prior to mea-

suring the stress, World Stress Map (WSM) and modern

field data in the Korean Peninsula are used to construct a

best estimate stress model in this area. Then, new stress

data from hydraulic fracturing and borehole observations is

added to determine magnitude and orientation of horizontal

stresses. Minimum horizontal principal stress is estimated

from the shut-in pressure of the hydraulic fracturing mea-

surement at a depth of about 700 m. The horizontal stress

ratios (SHmax/Shmin) derived from hydraulic fracturing,

borehole breakout, and drilling-induced fractures are 1.4,

1.2, and 1.1–1.4, respectively, and the average orientations

of the maximum horizontal stresses derived by field

methods are N138�E, N122�E, and N136�E, respectively.
The results of hydraulic fracturing and borehole observa-

tions are integrated with a result of numerical modeling to

produce a final rock stress model. The results of the

integration give in situ stress ratios of 1.3/1.0/0.8 (SHmax/

SV/Shmin) with an average azimuth of SHmax in the orien-

tation range of N130�E–N136�E. It is found that the ori-

entation of SHmax is deviated by more than 40� clockwise

compared to directions reported for the WSM in south-

eastern Korean peninsula.

Keywords Estimation of in situ stress � Hydraulic
fracturing � Borehole breakout � Drilling-induced fractures �
Stress integration � Korean Peninsula

1 Introduction

Knowledge of in situ rock stress is critically important in

many applications of civil, mining, petroleum, and

geothermal engineering, as well as in geology and geo-

physics (Amadei and Stephansson 1997). Despite signifi-

cant improvements in the measurement techniques for the

estimation of in situ stress, uncertainties are associated with

their measurements due to intrinsic rock heterogeneity, size

effect, and the difficulty of acquiring reliable data in harsh,

underground conditions.

There have been many uncertainties and disagreements

concerning the measurement results obtained by various

techniques at different rock conditions. Reflecting these

uncertainties, the term ‘stress estimation’ has been sug-

gested to replace ‘stress determination’ or ‘stress mea-

surement’ to emphasize the fact that the measurement of

stress in rock requires the use of one’s ‘judgment’ or

‘opinion’ (Hudson and Cornet 2003; Fairhurst 2003). Thus,

it is desirable to combine the stress measurement data

produced by different methods to obtain a more reliable

estimation of in situ stress. For example, the measurement

of stress during hydraulic fracturing can be supplemented
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by borehole observations or by a core-based method in

order to enhance the credibility of the final rock stress

model. This integration approach is especially useful when

only a limited number of tests from each method is avail-

able (Amadei and Stephansson 1997; Zang and Ste-

phansson 2010).

In order to construct a reliable final rock stress model of

a site or an area, a set of steps must be followed to gain the

required knowledge and data (Stephansson and Zang

2012). Before starting any in situ stress measurement, the

geological and morphological characteristics of the area of

interest must be considered, and the existing in situ stress

measurement data must be collected to establish a stress

model that can provide the best estimate. Thereafter, stress

measurements are made using borehole methods or core-

based methods, and new data are added to construct an

integrated stress model. Furthermore, a numerical stress

model can be also used to help establish the credibility of

the final rock stress model.

There are several case studies that presented an inte-

grated stress model by combining the results of various

stress measurements. Vernik and Zoback (1992) combined

the results of borehole breakout analyses with the hydraulic

fracturing stress measurements at Cajon Pass in the United

States. Also, a series of works in the German Continental

Deep Drilling Project (KTB) for stress measurement from

the natural and induced seismicity, hydraulic fracturing,

borehole breakout, drilling-induced fractures, and core-

based methods were integrated to determine the state of

stress in the deep borehole (Zoback et al. 1993; Brudy et al.

1997). In order to estimate the stress at the Bure experi-

mental test site in northeastern France, Wileveau et al.

(2007) reported the results of hydraulic testing on pre-ex-

isting fractures (HTPF) and sleeve-fracturing tests, as well

as the results of hydraulic fracturing, borehole breakouts,

and drilling-induced fractures.

In addition to the direct measurement of stress, numerical

modeling can be used as a complementary tool to estimate

in situ stress. Numerical analysiswas used for the global stress

model (Hart 2003) and the interpretation of the overcoring

method (Fouial et al. 1998). Rutqvist et al. (2000) presented

uncertainties in the maximum principal stress estimated from

hydraulic fracturing measurements by coupled hydrome-

chanical modeling. Numerical analysis also can be used to

validate the results of existing stressmeasurements and to help

estimate in situ stress as an independent method. Klee et al.

(2011) and Shen et al. (2014) conducted boundary element

numerical modeling to constrain the magnitude of the in situ

stress for the Blanche-1 borehole and the Habanero No. 1 well

in South Australia, respectively. Both studies showed that the

results of numerical modeling were consistent with actual

observations of breakouts at each site, thus numerical analysis

can be used as a complementary stress estimation method.

In Korean Peninsula, extensive stress measurements

have been conducted mostly using overcoring and

hydraulic fracturing and stress models are reported to

describe the stress state (Haimson et al. 2003; Choi et al.

2008; Bae et al. 2010; Chang et al. 2010). All of the stress

data in deep formation included in WSM is obtained by

focal mechanism and there is a dearth of direct measure-

ment data particularly in formation deeper than 500 m

(Heidbach et al. 2016). With increasing demand in under-

ground engineering such as CO2 geological sequestration

and Enhanced Geothermal System (EGS), robust charac-

terization of in situ stress in deep formation is necessary.

We present a regional case study of integrated in situ

stress model of the EXP-1 borehole in Pohang of Korea

using hydraulic fracturing, observation of borehole break-

outs and drilling-induced tensile fractures, and numerical

modeling. Field observations and numerical analysis were

integrated to obtain final rock stress model. This paper

starts with best estimate stress model prior to stress mea-

surement campaign, procedure and result of each inde-

pendent stress measurement with numerical analysis,

followed by discussion on final rock stress model.

2 Best Estimate Stress Model

2.1 Geological Data of Pohang

The vertical borehole EXP-1 has a depth of 1002 m and is

located in Pohang in the Gyeongsang Basin in southeastern

Korea. The Gyeongsang Basin is a Cretaceous sedimentary

basin, and it is reported that local scale faults exist exten-

sively throughout the basin. Most of the faults in this area,

including Yangsan fault that is about 200 km long, are

striking in the NNE direction (Kyung 2003; Chang et al.

2010). Slip analysis and the earthquake focal mechanism

have been studied extensively, and most of the studies have

shown that the main direction of compression in this area is

ENE–WSW (Chang et al. 2010).

The EXP-1 borehole is located about 4 km southeast of

the drill site of the Pohang Enhanced Geothermal System

(EGS) development project (Fig. 1). With the aim of

constructing a 1 MW-scale geothermal power plant (Lee

et al. 2011), the EXP-1 borehole was drilled for an initial

investigation of the stress field in this area. Currently, two

deep boreholes in the depth of 4.35 and 4.217 km are

available at the Pohang EGS site, and several scientific

investigations, including hydraulic stimulation, are being

conducted at the site (Yoon et al. 2015; Kim et al. 2016).

The rock formation at the EXP-1 borehole consists of semi-

consolidated mudstone from the surface of the ground to a

depth of 650 m, and this is followed by volcanic lapilli tuff. A

steel casing was installed from the surface to a depth of 650 m,
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and cores were extracted from the entire open-hole section

between the depths of 650 and 1002 m. Laboratory tests were

conducted on the core samples to investigate the rock’s prop-

erties, including uniaxial compressive strength (UCS), tensile

strength, triaxial compressive strength, elastic modulus, and

Poisson’s ratio (Table 1). In particular, the UCS results of the

lapilli tuff exhibited considerable scatter in the depth profile,

and they were fitted well by a normal distribution (Fig. 2).

2.2 Available World Stress Map Data near Pohang

It is essential to analyze and refer to stress data from the

World Stress Map (WSM) project at an early stage when

deriving a Best Estimate Stress Model (Stephansson and

Zang 2012). The 2016 release of the WSM database pro-

vided data suggesting that the direction of the maximum

compressive stress in southeastern Korea is East-Northeast

(E-NE) and that reverse and strike-slip faulting was the

dominant faulting regimes (Fig. 3). There are many stress-

direction data points in northeastern China and south-

western Japan that can help in estimating the in situ stress

around the Korean Peninsula. The direction of SHmax in

northeastern China, which is across the Yellow Sea from

west of South Korea, is between E–W and ENE–WSW. In

southwestern Japan, the direction of SHmax is rotated

slightly to the south and ranges from E–W to ESE–WNW

(Haimson et al. 2003; Heidbach et al. 2016).

3 Stress Measurement Method

3.1 Hydraulic Fracturing Test

Four hydraulic fracturing tests were conducted using a

conventional wireline hydrofracturing system in accor-

dance with the International Society for Rock Mechanics’

(ISRM’s) suggested method for hydraulic fracturing

Fig. 1 Location of the EXP-1

borehole and the Pohang EGS

site in southeastern Korea

Table 1 Summary of laboratory test result

Properties of rock Average value

Uniaxial compressive strength (UCS) 80 MPa

Tensile strength 6 MPa

Elastic modulus 50 GPa

Poisson’s ratio 0.2

Internal friction angle 34�
Thermal expansion coefficient 8 9 10-6/�C
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(Haimson and Cornet 2003). Prior to the measurements,

test sections without natural fractures were determined

from inspection and mapping of the extracted drillcores.

The length of the interval of the straddle-packer was 0.6 m,

and the pressure of the test section was set with constant

flow rate. During pressurization, the packer pressure was
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Fig. 2 a UCS data versus depth

of lapilli tuff from drill cores of

borehole EXP-1; b probability

density and cumulative density

versus UCS of lapilli tuff

Fig. 3 In situ stress in northeastern Asia from the World Stress Map (Heidbach et al. 2016)
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maintained somewhat higher than the interval pressure to

ensure zero leakage. However, there was a slight decrease

in flow rate with time for each pressurization and test

interval because of minor leakage (Fig. 4). Three out of

four attempts were successful in acquiring the pressure in

the packer and test interval section and flow rate data as

shown in Fig. 4.

In linear elastic, homogeneous, isotropic, and intact

rock, the hydraulic fracture is expected to be vertical and

perpendicular to the minimum horizontal stress (Shmin).

The acoustic borehole televiewer was used to identify the

orientations of the induced fractures after all of the

hydraulic fracturing tests were completed. The depth used

in this analysis was calibrated by comparing the pre-ex-

isting fractures observed from extracted cores and image

logging in order to use a more consistent and accurate

depth for analysis. From the televiewer’s images in the

borehole, vertical hydraulic fractures were observed clearly

at two out of three sections. Since the test interval was

determined by looking for a section without pre-existing

fracture from the extracted core before start of testing, the

fractures observed at 685.5–685.8 and 715.2–715.8 m

depth section were regarded as hydraulic induced fractures.

The images of induced vertical hydrofractures were not in

the ideal form of two straight lines 180� apart, and the

traces showed discontinuous, en echelon, and off-center

fractures (Fig. 5). Circular statistics were applied to

determine the orientation of the fractures (Lee and Haim-

son 1989), which is recommended to remove the subjec-

tivity and gives the uniformity and confidence in estimation

of fracture orientation (Amadei and Stephansson 1997).

The mean strike of the fracture was determined to be

N138�E (±3�) (Table 2).

The shut-in pressure (Ps) corresponds to the minimum

horizontal stress (Shmin) (Haimson and Cornet 2003). It is a

common practice to determine the Ps in the pressure–time

curve graphically when the initial decrease of the pressure

is clearly observed after the pumping has been shut off.

However, if the pressure decrease is gradual and the

determination of Ps is not distinct, Lee and Haimson (1989)

suggested three statistical analyses to determine the shut-in

pressure, i.e., (1) the exponential pressure-decay method,

(2) the bilinear pressure-decay-rate method, and (3) the

pressure-flow rate method. Methods (1) and (2) were used

to in this study determine the Ps, and the results were in

good agreement. The breakdown pressure (Pb) was

obtained graphically from the maximum pressure after the

injection of water in the first pressure cycle, and the pore

pressure (Po) was assumed to be the same as the hydro-

static pressure. The results of the hydraulic fracturing tests

are shown in Table 2. The Ps does not increase linearly

with depth, but it is not uncommon to observe the less Ps at

the deeper depths, which seems to be related to natural

uncertainty (Amadei and Stephansson 1997) such as the

heterogeneity of the strength as shown in Fig. 2a.

If we assume that the rock is impermeable (Lee and

Haimson 1989; Haimson and Cornet 2003), the maximum

horizontal stress (SHmax) can be calculated using the Hub-

bert–Willis–Scheidegger criterion (Eq. (1)) (Hubbert and

Willis 1957; Amadei and Stephansson 1997; Zang and

Stephansson 2010):

SHmax ¼ 3Shmin � Pb � Po þ T ð1Þ

where Pb is the breakdown pressure, Po is the pore pres-

sure, and T is the tensile strength of the rock, which is

6 MPa in this study (Table 1). The tensile strength was

Fig. 4 Test interval and packer pressure and flow rate versus time

during hydraulic fracturing in the EXP-1 borehole: a depth of

658.5–659.1 m; b depth of 685.2–685.8 m; c depth of 715.2–715.8 m
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determined from the Brazilian test by assuming that

there were no significant differences in the tensile

strengths obtained from the Brazilian test and the hol-

low-cylinder test. The influence of the thermal stress

caused by the thermal disturbance due to the temperature

difference between the injection fluid and the rock was

considered to be negligible. Compared to the drilling

operation, the hydraulic fracturing has relatively small

contact area between the injection fluid and rock (0.6 m

in this study) and short contact time (several minutes in

this study).

As a result, the average SHmax was calculated to be

22.4 MPa from Eq. (1), and the horizontal stress ratio

(SHmax/Shmin) was 1.7.

3.2 Borehole Breakouts

Borehole breakout occurs at the azimuth of the minimum

horizontal stress, and it is used as a reliable indicator to

estimate the orientations of the principal horizontal stresses

(Bell and Gough 1979; Plumb and Hickman 1985; Tingay

et al. 2008; Stephansson and Zang 2012). In addition,
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Fig. 5 Acoustic borehole televiewer images of induced hydraulic fractures at depths of 658.3–659.3, 685–686, and 715–716 m

Table 2 Results of the hydraulic fracturing measurements in borehole EXP-1

Depth (m) Breakdown pressure (Pb), MPa Shut-in pressure (Ps), MPa Pore pressure (Po), MPa Direction of SHmax

658.5–659.1 18.2 13.9 6.6 –

685.2–685.8 12.8 10.8 6.8 N135�E
703.1–703.7 Failed

715.2–715.8 18.8 14.9 7.2 N141�E
Average 16.6 13.2 6.9 N138�E
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because the geometry of breakouts depends on the type of

rock and the magnitude of the in situ stress, there have been

many attempts to use the geometry of the breakouts to

determine the magnitude of the in situ stress (Zoback et al.

1985; Barton et al. 1988; Vernik and Zoback 1992; Brudy

et al. 1997; Zoback et al. 2003; Shen et al. 2014). It was

emphasized that analyses of borehole breakout that con-

sider both length and width should use the shape that is

observed immediately after the occurrence of borehole

breakouts (Zoback et al. 1985). However, in this study,

image logging was conducted several dozen days after

drilling, and, therefore, only the width of the breakout was

considered to estimate the magnitude of SHmax (Barton

et al. 1988). The premise of this analysis was that the

breakouts form in the area around a wellbore where the

local stress concentration exceeds the strength of the rock;

the width of the breakout remains stable, but the depth of

the breakout increases with time. Numerous sites, includ-

ing Fenton Hill and Cajon Pass in the United States and

KTB in Germany, have shown that the width of breakout

can be used as an independent observation to estimate the

in situ stress in combination with the data from hydraulic

fracturing measurements and the analysis of the focal

mechanism (Barton et al. 1988; Vernik and Zoback 1992;

Brudy et al. 1997).

The logs obtained by the borehole televiewer at EXP-1

borehole showed that several breakouts occurred in the

borehole wall at depths between 670 and 700 m (Fig. 6).

The breakout images were ranked as C-quality according to

the WSM guideline, because five distinct breakout zones

were observed and the combined breakout lengths were

longer than 20 m in a single well (Tingay et al. 2008). The

orientations of the breakouts were estimated using circular

statistics and the breakouts had nearly consistent azimuths,

Fig. 6 Acoustic borehole televiewer images of borehole breakouts in selected sections of borehole EXP-1 (above) and corresponding horizontal

section views (below)

Integrated In Situ Stress Estimation by Hydraulic Fracturing, Borehole Observations and… 3147

123



with an average value of N26�E ± 13�. The only exception
was at a depth of about 699 m, where breakouts occurred in

the N-S direction.

The sparsely observed borehole breakouts that had large

variations in their shapes were likely caused by the effect

of the variable strength of the heterogeneous rock rather

than by any major changes in the in situ stress condition.

The widest and deepest breakout was observed at a depth

of about 695 m, which is explained by more fractures

identified from rock core samples (Fig. 7d).

Assuming that a borehole breakout occurs when the

tangential stress around the wall of the borehole caused by

the given in situ stress condition exceeds the critical

strength, the maximum principal stress can be obtained

from the following equation (Barton et al. 1988; Vernik

and Zoback 1992; Brudy et al. 1997):

SHmax ¼
P0 þ Ceffð Þ � Shmin 1þ 2 cos 2hbð Þ

1� 2 cos 2hb
; ð2Þ

where hb is the angle of breakout initiation with respect to

SHmax; Ub is the half width of the breakout (Ub = p/
2 - hb) (Fig. 8); Po is the pore pressure; and Ceff is the

effective strength of the rock when the breakout occurs.

Temperature effect is often included in the borehole

breakout analysis since the cold wellbore cooling due to

drilling fluid exerts a tensile thermal stress on the tan-

gential direction around the borehole (Zoback 2007).

However, in this analysis, we did not consider tempera-

ture effect because the temperature was believed to be

recovered to the initial one since the observation of

borehole breakout by televiewer logging was made doz-

ens of days after the drilling. As temperature recovery

contributes to the larger compressive tangential stress, it

is more likely that breakout occurred when the tempera-

ture recovered. This is in contrast to the drilling-induced

fractures explained in the next section where cold drilling

fluid directly contributes to the generation of tensile

fractures and the consideration of cold temperature is

essential.

The stress condition at the borehole wall is polyaxial

(or true triaxial) state; therefore, it is reasonable to use

the polyaxial criteria to predict the failure of wellbore.

We used the modified Wiebols and Cook criterion

(Eq. (3)) to determine the effective strength (Ceff) when

the breakout occurs. And the parameters making up the

criterion can be constrained by rock strengths under

Fig. 7 Pictures of core samples of lapilli tuff extracted from depths at which borehole breakouts occurred

Fig. 8 Schematic of borehole breakouts in the direction of Shmin

showing the angles Ub and hb
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uniaxial and triaxial conditions; thus, the UCS and

internal friction angle (li) determined from uniaxial and

triaxial tests are used to determine the effective strength

(Zhou 1994; Colmenares and Zoback 2002; Jaeger et al.

2009).

J
1=2
2 � A� BJ1 � CJ21 ¼ 0

where

J1 ¼
r1 þ r2 þ r3

3

J2 ¼
r1 � r2ð Þ2þ r2 � r3ð Þ2þ r3 � r1ð Þ2

6

C ¼
ffiffiffiffiffi

27
p

2C1 þ q� 1ð Þr3 � UCSð Þ

� C1 þ q� 1ð Þr3 � UCS

2C1 þ 2qþ 1ð Þr3 � UCS
� q� 1

qþ 2

� �

C1 ¼ 1þ 0:6lið Þ � UCS

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

l2i þ 1

q

þ li

� �2

B ¼
ffiffiffi

3
p

q� 1ð Þ
qþ 2

� C

3
2 � UCSþ qþ 2ð Þr3ð Þ

A ¼ UCS
ffiffiffi

3
p � UCS

3
� B� UCS

3

� �2

�C

ð3Þ

The probability density function for Ceff was generated

by Monte Carlo simulation based on normal distribution of

UCS. Then, the Ceff function was combined with different

combination sets of in situ stress, SHmax, and Shmin to

estimate the breakout width, 2Ub. Mean prediction errors

(MPEs), as defined in Eq. (3), were calculated to determine

the best set of combined in situ stresses:

MPE ¼ 1

N

X

N

i¼1

Uo
bi � Up

bi

Uo
bi

�

�

�

�

�

�

�

�

; ð4Þ

where Uo
bi is the angle observed in the field, Up

bi is the

theoretically predicted angle, and N is the number of pre-

diction points within the borehole section showing break-

outs. As a result, the horizontal in situ stress ratio was

determined to be optimal when the value of MPE was a

minimum.

Figure 9 shows the probability function of the breakout

width (2Ub) for different horizontal stress ratios, i.e.,

SHmax/Shmin, of 1.6, 1.65, and 1.7. The calculated MPEs of

2Ub for the three ratios were 74, 64, and 77%, respectively,

which shows that horizontal stress ratio of 1.65 was the

most appropriate value of minimum error. Although the

graph does not give a perfect fit, the function we used had a

reasonable fit with the field observations considering the

heterogeneity of the rock and a few outlier values of 2Ub

around 60� and 120�.

3.3 Drilling-Induced Fractures

Another important indicator that can be used to estimate

the in situ stress is drilling-induced fractures (DIFs). DIFs

form when the stress concentration at the wall of the

borehole exceeds the tensile strength of the rock, and they

typically develop with sharply narrow fracture features and

are parallel to the SHmax direction (Tingay et al. 2008).

In the EXP-1 borehole, DIFs were recognized in the

borehole televiewer images at depths in the range of 775–

810 m, which was somewhat deeper than where breakouts

occur. Six distinct zones of the DIFs were observed, and

the combined length was around 20 m, and, therefore, the

quality of the data was ranked as a C-quality based on the

quality ranking criteria of WSM (Tingay et al. 2008). The

average orientation of the combined DIFs, which was

calculated by circular statistics, was N136�E ± 4�
(Fig. 10). In addition to the in situ stress state, the pressure

and temperature of the drilling fluid (mud) affect the

stresses that are concentrated around the borehole (Brudy

and Zoback 1999; Zoback 2007). When the mud is cooler

than the formation’s rock, the thermally induced stresses

cause more concentrated tensile stress, and DIFs are

formed. The condition that initiates the DIFs can be

derived from Eq. (1) by considering the additional thermal

stress (Brudy and Zoback 1999; Zoback 2007):

rDT ¼ � a � E � DT
1� m

; ð4Þ

where a is the thermal expansion coefficient, E is Young’s

modulus, m is Poisson’s ratio, and DT is the difference

between the temperature of the mud and the temperature of

the rock, which was assumed to be 10 �C for the conser-

vative analysis of DIFs.

Brudy et al. (1997) reported that the tensile strength of

the rock does not have to be considered for the analysis of

Fig. 9 Probability density versus breakout width and field observa-

tion of breakouts for the section of the EXP-1 borehole from 670 to

700 m: The optimum probability density function of breakout width

(2Ub) was obtained when the horizontal stress ratio (SHmax/Shmin) was

1.65 (solid line)
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DIFs, because DIFs likely develop from sections in the

borehole wall that have small flaws. However, we did not

consider the effect of natural fractures on the initiation of

DIFs because no natural fractures were observed in the

core samples extracted at the depth where DIFs developed.

We considered that the DIFs occur in normal drilling

conditions with mud. Wiprut and Zoback (2000) showed

no correlation between DIFs and special conditions where

large change in pressure takes place, such as tripping bit or

reaming hole. The maximum mud pressure was assumed to

be twice the hydrostatic pressure and used as the static mud

pressure in this analysis, since the maximum equivalent

circulating density was not available. If we use the maxi-

mum mud pressure, the conservative estimation is possible,

including the conditions in which the fractures occur at the

mud pressure lower than the value we used. This method

was used in KTB scientific drilling project (Brudy et al.

1997) and Visund oil field in the northern North Sea

(Wiprut and Zoback 2000) as a way to constrain the reli-

able bound of SHmax. In order to provide the most conser-

vative estimate of stress as a lower bound, it was assumed

that the fractures were developed by the thermal stress

from the circulating drilling fluid, whereas, to estimate the

upper bound, we assumed that the mud pressure and the

in situ stresses were sufficient to cause the DIFs. The

maximum horizontal stress, SHmax, were calculated to be in

the range of 20.9 (lower bound) to 27.6 MPa (upper

bound), and the stress ratio, SHmax/SV, varied from 1.1 to

1.4.

3.4 Numerical Modeling

Numerical modeling is recommended as a complementary

tool to predict and validate the in situ stress for the

Fig. 10 Acoustic borehole televiewer images of drilling-induced fractures (DIFs) in selected sections of borehole EXP-1: Based on circular

statistics, the average orientation of the DIFs for the selected intervals was N136�E ± 4�
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development of the final rock stress model (Zang and

Stephanssson 2010). In this study, we used FRActure

propagation CODe (FRACOD) to conduct the numerical

modeling required to simulate the initiation and propaga-

tion of borehole breakouts. FRACOD is a boundary ele-

ment method program that uses the principles of fracture

mechanics to predict the explicit fracturing process in rocks

(Shen et al. 2014; Shen 2014). Four distinct cross sections

were selected at different depths in the EXP-1 borehole for

modeling with numerical modeling and to compare the

results with the breakout observations. The mechanical

properties used in the numerical analysis were based on the

laboratory data in Table 1. Since the laboratory test for the

fracture toughness was not performed, it was assumed that

Mode I and II toughness were 1 and 2 MPa m1/2,

respectively, based on measurement in similar rock types

(Backers and Stephansson 2015). The minimum horizontal

stress, Shmin, was obtained from measurements of hydraulic

fracturing, and numerical analysis was conducted for range

of the horizontal stress ratios (SHmax/Shmin). The resulting

dimensions of the breakout from numerical modeling were

measured to determine the horizontal stress ratio that pro-

duced results that were most similar to the actual obser-

vations from the televiewer in the borehole.

Figure 11 shows the results of numerical modeling at

four different depths in borehole EXP-1. The breakout

angles, which are defined as the azimuth angle of the

breakout at the wall of the borehole, were almost consistent

with the observations from the televiewer. There were

differences between the numerical results and the actual

Fig. 11 Results of numerical

modeling with FRACOD.

Borehole breakout geometry is

presented for a given ratio of

SHmax/Shmin that gives the best

similarity with the observed

borehole breakout geometry at a

given depth section in borehole

EXP-1: a depth of 671–676 m;

b depth of 684–685 m; c depth

of 694–696 m; d depth of

698–699 m
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observations at the relatively deeper breakout sections

(Fig. 11b, c). There are two possible reasons for this, i.e.,

(1) the time between drilling and logging was not consid-

ered in simulating the breakouts, and, once the breakouts

begin to occur, the stress concentration in the vicinity of

the breakage zone changes with time and (2) the selection

of the mechanical parameters for modeling is the another

reason; the results from numerical modeling simulations

are sensitive to the values that are selected for the strength

and deformability of the intact rock and the fractures that

are generated. The UCS at each depth of in the simulation

changed for each analysis of the breakouts, while the

internal friction angle and fracture toughness were set as

constant values for all of the simulations.

4 Determination of the Integrated Stress
and the Final Rock Stress Model

After the best estimate stress model was established and

new data were collected and analyzed from the different

stress measurements, the determination of the integrated

stress is the last step in constructing the final rock stress

model. In order to integrate the data from the hydraulic

fracturing measurements, borehole observations, and the

numerical analysis of borehole breakouts, the weighted

average method was used for the integration. We trans-

formed each stress tensor to a common set of reference

axes, averaged the six components separately, and then

calculated the principal stresses of the resultant tensor

(Hudson and Cooling 1988; Walker et al. 1990). The

weighting factors for the different methods of estimating

stress are not necessarily the same, and they must be cor-

rected for specific biases, which may come from the

number of tests or the nature and quality of the measure-

ments (Cornet 2015). The hydraulic fracturing data were

given more weight than data from borehole observation

and numerical analysis, because hydraulic fracturing is a

direct method of measuring stress. The mean value of the

average azimuth of SHmax was N130�E, which is equal to

the minimum value from applying Integrated Stress

Determination (ISD) (Table 3).

Figure 12 shows the orientation and magnitude of stress

versus depth from each of the methods and the results of

the integrated stress determination down to a depth of

1 km. The vertical stress, SV, was assumed to be the weight

of the overburden for a measured rock density along the

entire depth. The minimum horizontal stress, Shmin, was

obtained from hydraulic fracturing, and the stress ratio,

Shmin/SV, was 0.8. The stress ratios of SHmax/SV derived

from hydraulic fracturing, borehole breakout, drilling-in-

duced fractures, and numerical modeling were 1.4, 1.2, 1.1-

1.4, and 1.3-1.4, respectively. The orientations of the SHmax

from each method except numerical modeling were

N138�E, N122�E, and N136�E. Weighting factors from

0.25 to 0.8 were used for the hydraulic fracturing data, and

weighting factors for the other methods were set from 0.07

to 0.25. The azimuth of SHmax varied from 130�E to 136�E
for the given weighting values. The integrated stress

magnitude ratios of 1.3/1.0/0.8 (SHmax/SV/Shmin) resulted in

a strike-slip stress regime.

Synn et al. (2013) proposed a relationship between stress

ratio and depths down to 700 m that was based on stress

measurement data, a geological paleo-stress analysis, and

earthquake focal mechanism solutions. Figure 13 shows a

compilation of minimum stress ratio (Kh = Shmin/SV) and

maximum stress ratio (KH = SHmax/SV) with the depth for

the Korean peninsula presented in Synn et al. (2013) and

stress ratios from the integrated stress estimates from this

study for depths in the range of 650–1000 m in borehole

EXP-1. Two envelopes suggested by Synn et al. (2013)

provide the upper and lower bounds of the data, and the stress

ratios decrease with depth. The upper bounds ofKh andKH at

the depth of 1000 m approach 1 and 1.5, respectively, which

indicates that a strike-slip stress regime is dominant at depths

around 1 km in Korea. The results of the integrated in situ

stress model are shown by the dotted line in Fig. 13, and the

lines are close to the upper bounds of Kh and KH.

The stress orientation varies extensively in the Korean

Peninsula, but, overall, the predominant direction of

SHmax is ENE–WSW at greater depths (Chang et al. 2010;

Synn et al. 2013). This is in general agreement with the

E–W trend of the data in the World Stress Map (Heidbach

et al. 2016). The integrated SHmax azimuth of ISD in this

Table 3 Summary of stress

ratios and orientation from each

of the stress measurement

methods and integrated stress

determination

Shmin/SV SHmax/SV Average azimuth of SHmax

Stress measurement method

Hydraulic fracturing test (HF) 0.8 1.4 N138�E
Borehole breakouts (breakouts) 0.8 (from HF) 1.2 N122�E
Drilling-induced fractures (DIFs) 0.8 (from HF) 1.1–1.4 N136�E
Numerical modeling (modeling) 0.8 (from HF) 1.3–1.4 N122�E (from breakouts)

Integrated stress determination (ISD) 0.8 1.3 N130�E–N136�E

The values in parentheses are the values used for the calculation of ISD
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study was between N130�E and N136�E, and it deviated

more than 40� clockwise compared to E–W and ENE–

WSW directions. It should be noted that WSM data in

Korea are mostly based on the earthquake focal

mechanism solution, and their depth is greater than 5 km.

In addition, the orientation of SHmax in the southeastern

part of Korean peninsula where Pohang is located is

heterogeneous even in focal mechanism results, which is

(a) (b)

Fig. 12 Orientation and magnitude of stress versus depth from all of

the methods used and the results of integrated stress determination

(ISD): a orientation of horizontal stress with depth; b magnitude of

rock stress derived from hydraulic fracturing measurements (HF),

analysis of borehole breakout (breakout), drilling-induced fractures

(DIFs), and numerical modeling (modeling)

Fig. 13 Compilation of

minimum and maximum stress

ratios versus depth in the

Korean peninsula modified

based on Synn et al. (2013) and

stress ratios from the integrated

stress analyses conducted in this

study (dotted line)
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mainly attributed to the effect of regional-scale faults

(Chang et al., 2010).

Another estimate of the stress in the Pohang offshore

site located about 8 km southeast of the EXP-1 borehole

showed that the direction of SHmax from the breakout

observation down to 700 mbsf (meter below seafloor) is

NW–SE direction and that the stress state from the leak-off

test (Chang et al. 2016) is in favor of strike-slip faulting.

The results of the offshore study and our study were in

agreement concerning the ESE–WNW direction of SHmax

of the strike-slip stress regime in southwestern Japan. This

regime belongs to the eastern edge of the Eurasian (or

Amurian) plate, and, according to data in the WSM com-

pilation, the global stress pattern rotates in a clockwise

direction toward the east of the plate (Fig. 3).

5 Conclusions

In this study, a final rock stress model at the EXP-1

borehole which is 4 km away from the ongoing EGS

project in Pohang, was established from an integration of

the results from hydraulic fracturing and borehole obser-

vations. Numerical modeling with boundary element

method was also used to constrain the magnitude of the

estimates of the in situ stress.

The measurement of the shut-in pressure from hydraulic

fracturing was considered to be a reliable estimate of the

minimum horizontal principal stress. The maximum stress

ratios (SHmax/SV) derived from hydraulic fracturing, bore-

hole breakout, drilling-induced fractures, and numerical

modeling were 1.4, 1.2, 1.1–1.4, and 1.3–1.4, respectively.

The average orientations of the maximum horizontal stress

from each method, with the exception of numerical mod-

eling, were N138�E, N122�E, and N136�E, respectively.
The results of the independent stress estimation methods

showed that the EXP-1 hole is located in a strike-slip stress

regime. An integrated stress was conducted using weight-

ing factors for the magnitude and orientation of SHmax,

which resulted in situ stress ratios of 1.3/1/0.8 (SHmax/SV/

Shmin) with the azimuth of SHmax being N130�E–N136�E
for depths between 650 and 1000 m.

The resulting in situ stress model was compared with

published stress data for Korean Peninsula. There was good

agreement between the published stress models and our

results, except that the azimuth of SHmax deviated by more

than 40� clockwise compared to the E–W and ENE–WSW

directions reported for the WSM and in previous studies.

This regional case study presented an integrated in situ

stress model up to a depth of 1 km at the EXP-1 borehole.

The stress model can contribute to the description of the

in situ stress condition down to a depth of 1 km in the

Pohang area. To provide in situ stress model for geothermal

reservoir deeper than 4 km for the ongoing EGS project in

Pohang, additional integrated in situ stress estimation is

necessary using extracted core samples, indicators in

boreholes and hydraulic stimulations results.
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