
1 INTRODUCTION

Nojima fault in Awaji Island was active at the 1995
Southern Hyogo Prefecture Earthquake (hereinafter
referred to as “the 1995 earthquake”). In the crustal
stress measurement by the hydraulic fracturing test
around this measurement point carried out immedi-
ately after this earthquake, it is reported that the
small stress values and the NW-SE direction in max-
imum principal stress are measured (Tsukahara et
al., 1998). Here, it was measured at a depth of about
1500 m at the upper side of Nojima fault, but no in-
duced longitudinal fracture due to hydraulic fractur-
ing was confirmed, and the principal stress direction
was estimated from the borehole breakout phenome-
non observed in the same borehole.

As a result of the hydraulic fracturing test in the
northern part of Awaji Island measured at the same
time after the 1995 earthquake, the lateral stress ratio
K (maximum principal stress / vertical stress) is
more than 2 in less than 900 m, but in near 1200 m,
K is around 1, and the magnitude of the stress is
relatively small (Ikeda et al., 1998). Also, the direc-

tion of the maximum principal stress is in the NW-
SE direction as well as above report.

Twenty three years after the 1995 earthquake, we
got the opportunity to measure the crustal stress us-
ing a borehole penetrating Asano fault which is a de-
rived fault from Nojima fault. The hydraulic fractur-
ing technique similar to Tsukahara et al. was used
for the measurement, but in this time a more accu-
rate method called “high stiffness hydraulic fractur-
ing technique” was used.

In this paper, we first introduce the geological
setting around the Nojima and Asano faults. Next,
outline the high stiffness hydraulic fracturing tech-
nique used for stress measurement is explained. In
this section, observation equations and two im-
portant parameters obtained from actual pressure
change data in hydraulic fracturing test are de-
scribed, and a replica of the induced fracture are
shown. Then, the crustal stress state around the fault
analyzed from those data is clarified. Finally, the re-
lation between the obtained crustal stress state and
the fault activity is discussed.
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the high stiffness. Small compliance is synonymous with high stiffness, and an ideal measuring system is re-
quired to have smaller compliance. We got an opportunity to measure the crustal stress by the hydraulic frac-
turing technique around Nojima fault which appeared on the surface at the 1995 Southern Hyogo Prefecture
Earthquake. The hydraulic fracturing test was conducted at the foot side of Asano fault which is derived from
Nojima fault. The measurement depth is about 800 m. The magnitude of the measured maximum principal
stress is smaller than the overburden stress, and its principal stress direction does not match the fault move-
ment and the direction of the compression axis is greatly deviated. Therefore, the current stress state around
the fault is considered to represent the stress relaxation state after the fault activity.



2 GEOLOGICAL SETTING

The study area is located in the northern part of
Awaji Island, which consists of a mountains area
ranged in the NE-SW direction with an altitude of
about 200 to 500 m and a hills-plateau-lowland area
at the foot of the mountains area narrowly on both
sides. The mountains area is formed as a horst be-
tween eastern and western escarps of about 200-300
m in height, and a small gently undulating terrain
spreads with constant height at the summit. Active
faults are developed in the steep escarps on both
sides of the mountains area, and Nojima and Asano
faults on the west side are formed in the area.

Nojima fault extends over about 10 km in the NE-
SW direction on the west side of the mountain
range. A systematic right flexion from 20 to 190 m
is shown in river valleys and ridges near the fault.
Asano fault derived from Nojima fault extends over
about 6 km in the NE-SW direction, and is located in
the slope conversion line of the mountain foot that
forms the boundary between granite and sedimen-
tary rocks.

These two faults were penetrated and sampled at
depth in “Nojima Fault Drilling Project” from 2016
to 2018. The drilling was successful, and we collect-
ed the core samples at 350-1,000 m including Noji-
ma fault (~530 m) and at 100-700 m including Asa-
no fault (~540 m). Figure 1 shows the location of
these faults and borehole for hydraulic fracturing
test.

Figure 1. Location of Nojima fault, Asano fault and borehole

for hydraulic fracturing test.

3 HIGH STIFFNESS HYDRAULIC
FRACTURING

3.1 Observation equations

In the hydraulic fracturing technique, pressure is ap-
plied to the wall of an isolated section of a borehole.
This technique is used to measure the applied pres-
sures required to open and close new fractures in the
borehole wall. When a borehole is drilled in a ho-
mogeneous and isotropic elastic rock mass, the dis-
tribution of stress in the two-dimensional plane per-
pendicular to the borehole axis will be as shown in
Figure 2. The stress σθ1 at point A that crosses the SH

axis and stress σθ2 at point B that crosses the Sh axis
can be described as follows:

σθ1 = 3Sh – SH (1)

σθ2 = 3SH – Sh (2)

where SH is the maximum initial principal stress and
Sh is the minimum initial principal stress on the
plane. σθ1 will be smaller than σθ2 if the compressive
stress is positive. Increasing the fluid pressure in the
borehole, when the tensile stress at the point A will
reach a tensile strength of the rock, a fracture will be
generated at the point A. The breakdown pressure Pb

can be described as

Pb = 3Sh – SH + T – Pp (3)

where T is tensile strength of the rock and Pp is the
pore pressure of the rocks. The fracture is closed
once with a decrease of pressure under the shut-in of
a fluid valve. The fracture will reopen with a re-
increase in pressure as shown in Figure 3. The re-
opening pressure Pr can be described as

Pr = (3Sh – SH)/2 (4)

Figure 2. Stress state around a borehole induced by fluid pres-
sure P in a hydraulic fracturing test.
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Figure 3. Tensile fractures in a borehole wall induced by fluid
pressure P in a hydraulic fracturing test.

At reopening, it is assumed that the tensile
strength of the rock is zero, and the pore pressure Pp

at the fracture mouth is equal to Pr. If we assume
that the minimum principal stress Sh is balanced by
the Shut-in pressure Ps, the following equation is ob-
tained.

Ps = Sh (5)

These equations are modified for the hydraulic frac-
turing technique. The maximum principal stress SH

and minimum principal stress Sh are obtained from
two observed parameters Pr and Ps.

3.2 High stiffness system

The most reliable way to determine the fracture clos-
ing pressure Ps is to calculate it from a depressuriza-
tion curve after shut-in (Hayashi and Haimson,
1991). However, the maximum principle stress SH

depends not only on Ps but also on the re-opening
pressure Pr, and thus the reliability of Pr is also quite
important. Pr is greatly influenced by the compliance
of the pressurization system (Ito et al., 1999). Here,
compliance is defined as the relationship between
the pumping volume and the pressure in the closed
pressurization system. Thus, a system with less
compliance has greater stiffness, and is more sensi-
tive to the change in pressure during the injection of
fluid. Therefore, for the hydraulic fracturing test, it
would be ideal to use a pressurization system that
requires as low a volume of fluid as possible with a
tubing system with a high stiffness. Such a system
would enable us to obtain a more accurate re-
opening pressure Pr from the relationship between
the injection volume and pressure in the re-opening
test.

Figure 4 shows a modified hydraulic fracturing
test system (Yokoyama and Ogawa, 2016). The sig-
nificant difference between this system and a con-
ventional system is the stiffer stainless steel tubing
for the fluid circuit and the use of a syringe pump for

Figure 4. New hydraulic fracturing system with high-stiffness
mechanism for 1200m depth.

the injection of fluid. This modification results in a
system with significantly low compliance, and ena-
bles the extremely accurate control of the pressure
and volume of the fluid. This system can be used in
a borehole at a depth of up to 1200m with a diameter
of 76mm. Figure 5 shows the hydraulic fracturing
test apparatus used in this time. Figure 6 shows an
example of a hydraulic fracturing test record for
fracture initiation, reopening, and shut-in. The data
indicate that the system can be used to inject a very
small amount of fluid at a rate of as low as 5 ml/min,
and has extremely low compliance for detecting a
change in pressure immediately after the injection
starts. The compliance of this system in a borehole
drilled in the granite is around 2.5ml/MPa. This val-
ue was determined from the first injection test for
breakdown based on the relationship between the
pressure and the flow rate.

4 TEST RESULTS

4.1 Reopening pressure

The reopening pressure Pr is defined as the pressure
at the time when a mouth of induced fracture starts
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Figure 5. Hydraulic fracturing apparatus used in this study.

Figure 6. An example of a hydraulic fracturing test record for

breakdown, reopening and shut-in.

to be opened again by the water injection into the
test interval. This restart pressure can be read as the
pressure at the time when the pressure-time relation-
ship deviates from the straight line. However, it is
difficult to accurately read this pressure in the reo-
pening test shown in Figure 7. Therefore, the differ-
ential coefficient dp / dQ (MPa / l) of pressure-flow
data recorded at 0.1 second intervals was calculated
and the reopening pressure was read from the peak
value of the pressure increment for each unit flow
rate. An example of the interpretation result is
shown in Figure 8. It should be noted that since the
differential coefficient of the pressure-flow data ac-
tually uses numerical data obtained at intervals of
0.1 second, the variations occur in this graph. The
differential coefficient of the pressure-flow data
shown in Figure 8 was represented by 11 moving
averages, and the peak value of the all data was tak-
en as the reopening pressure.

4.2 Shut-in pressure

The shut-in pressure Ps is defined as the pressure at
the moment when an induced fracture generated by
hydraulic fracturing starts to close at the fracture tip
after water supply stops. Since it is difficult to di-
rectly read this closing pressure from the pressure-
time relationship, the method of Hayashi and

Figure 7. An example of read for reopening and shut-in pres-

sure.

Figure 8. An example of interpretation result for reopening

pressure.

Haimson (1991) was used. The shut-in pressure ac-
cording to this method is a pressure indicating the
first inflection point from the high pressure side of
the differential coefficient - dT / dP (s / MPa) of the
pressure-time relation. An example of the interpreta-
tion result is shown in Figure 9. Data on the pres-
sure-time relationship are discrete graphs, because
they use the average value of the numerical data ob-
tained at 0.1 second intervals for several seconds.

Figure 9. An example of interpretation result for shut-in pres-

sure.
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4.3 Replica of induced factures

Taking a shape of the fracture on the borehole wall
was performed by using the oriented impression
packer. First, the shape of the natural borehole wall
is taken before the hydraulic fracturing test, and the
shape at the same depth once again after hydraulic
fracturing test. The sheet with traces of fractures ob-
tained by these operations is called a replica. The in-
duced fractures in the hydraulic fracturing test are
read by comparing replicas before and after of the
test. Since the induced fractures are an extremely fi-
ne, a special plastic rubber attached to the surface of
the impression packer is pressed in the similar pres-
sure to the test interval, and the traces of the induced
fractures are detected. Figure 10 shows the examples
of the replicas of the induced fractures generated by
the hydraulic fracturing tests. Lateral or inclined
traces are natural fractures, vertical traces are in-
duced fractures.

Figure 10. Replicas of natural and induced fractures after the

hydraulic fracturing tests at 725.40m, 726.64m, 769.44m

depth. Lateral or inclined traces are natural fractures, vertical

traces are induced fractures.

4.4 Stress states

The hydraulic fracturing tests were conducted at
three depths of 725.40 m, 726.64 m, 769.44 m. From
the pressure change curves in the test interval ob-
tained in these tests, only one depth at 769.44 m
shown in Figure 11 was judged to be an apparent in-
duced longitudinal fracture by hydraulic fracturing.
In the pressure change curve obtained at the other
two depths, there is almost no difference between
the peak pressure at breakdown and the peak pres-
sure at the reopening test. Therefore, it is considered
that the breakdown in the hydraulic fracturing test at
these two depths is likely to have been caused by the
opening of the pre-existing fracture.

Figure 11. Pressure-time data obtained in a hydraulic fracturing

test considered to be successful at 769.44m depth.

Table 1. Measured parameters and analyzed results
by the hydraulic fracturing tests at three depths.
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Table 1 shows the reopening pressure, the shut-in
pressure and the azimuth of the induced fracture
read from the data of reopening tests obtained at
three depth. In the most reliable stress state obtained
at 769.44 m, the maximum principal stress is 11.8
MPa, the minimum principal stress is 9.1 MPa, and
the azimuth of the maximum principal stress is
N21W. The magnitude of the stress obtained at
769.44 m is considerably less than the estimated
overburden pressure of 19.8 MPa. The lateral stress
ratio K (SH/σz) is 0.6 at 769.44 m.

5 DISCUSSION

The crustal stress state around Nojima fault before
the 1995 Southern Hyogo Prefecture Earthquake is
unknown. Tanaka et al. (1994) reported the results
of continuous stress measurement at the Hiraki mine
located about 25 km north of Kobe city. According
to this paper, the shear stress ratio R ((SH - Sh) / (SH +
Sh)) linearly increases in the crustal stress measure-
ment results of 5 times from 1978 to 1993, and this
value exceeded 0.5 in 1993.

On the other hand, the lateral stress ratios K and
the shear stress ratios R obtained by the hydraulic
fracturing tests in this time are as shown in Table 2.
These shear stress ratios are in the range of 0.13 to
0.27, which are less than half of the values before
the 1995 Southern Hyogo Prefecture Earthquake.
The stress states at three depths around the Asano
fault measured this time largely varies with respect
to the direction of the principal stress and the magni-
tude of the crustal stress is small.

The cause of this stress state can be considered as
follows. Assuming that the repetition period of the
1995 earthquake is around 1000 years, the current
state of stress is still close to the state immediately
after the earthquake and the magnitude of the crustal
stress around the fault will be a state of stress drop.
For this reason, it is considered that the each azi-
muth of the principal stress varies largely depending
on the heterogeneity of the rocks around the fault.

Table 2. Principal stresses, K and R.

6 CONCLUSIONS

We conducted stress measurement around the Noji-
ma fault in Awaji Island and obtained the following
results.
 We developed a high stiffness hydraulic fractur-

ing test apparatus capable of measuring stress at
depths of over 1000 m.

 This test apparatus is expected to have high stiff-
ness of the water supply system for hydraulic
fracturing and to obtain more reliable test data.

 In the foot wall of Asano fault, which is a derived
fault of Nojima fault, stress measurements were
conducted at a depth of about 800 m.

 It was found that the magnitude of the stress was
equal to or smaller than the overburden pressure.

 The direction of the maximum principal stress in-
tersects the fault plane at a high angle and faces
the direction opposite to the movement of the
fault slip.

 It is inferred that the stress state around the pre-
sent Nojima fault is the state of stress drop im-
mediately after the seismic activity.
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Depth S H S h σz

(m) (MPa) (MPa) (MPa)

725.40 19.2 11.9 18.7 1.0 0.23

726.64 26.2 14.9 18.7 1.4 0.27

769.44 11.8 9.1 19.8 0.6 0.13

K ※1 ：Lateral stress ratio (SH/σz)

R※2 ：Shear stress ratio(SH－Sh)/(SH +Sh)

K ※1 R※2


