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1) RGP HERR TOMBREADERE REOHEOFAER (Fig.1)

2) BREETERE OKERFEEEKIER EICHIBKERBDOMRE (Fig.2)

3) BEXILNREZ#MERI AT LZA W 400°CRBOIEREDKERREZNIcH S BEKIEZEL (Fig.3. Fig.4)
4) RS/ BIRFMATEERIETICRITZ2EAERHOBKRKEFEINDZEE (Fig.5)

In 2017, our research activities were as follows:

1) Stress buildup and drop in the inland shallow crust caused by the 2011 Tohoku-oki earthquake events (Fig.1).

2) Effect of hydraulic stimulation on hydraulic fracturing characteristics and gain in permeability of high-temperature ductile granite (Fig.2).
3) Hydraulic fracturing of granite under the condition of 400°C or higher and its permeability change (Fig.3 and Fig.4).

4) Slip behavior induced by pore pressure of rock cracks under subcritical/supercritical geothermal reservoir conditions (Fig.5).
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Stress buildup and drop in the inland shallow
crust caused by the 2011 Tohoku-oki
earthquake events

To examine the change in in-situ stress from before to after the 2011
Tohoku-oki earthquake, we performed stress measurements after the
earthquake in the Kamaishi mine. The in situ stress measurement period
was from 1991 to 2016. The results showed that the magnitudes of three-
dimensional principal stress and vertical stress drastically increased
during the mainshock and, at one year after the earthquake, were more
than double those before the earthquake. The principal stress magnitudes
then decreased with time, and they had returned almost to pre-earthquake
levels by about five years after the earthquake. The SLSR (Fig.1) lacks
historical great earthquake ruptures and showed relatively low levels of
moderate-size earthquakes (M = 4.7 ~ 5.1) over the past ~50 years before
the 2011 Tohoku-oki earthquake at an average interval of 5.5 years.
However, earthquakes in the SLSR suddenly became much more frequent
after the Tohoku-oki mainshock, and the magnitudes of these earthquakes
increased. Furthermore, the interval between earthquakes off Kamaishi
gradually increased with time after the Tohoku-oki mainshock and reached
approximately 0.3 years at one year. At the same time, the magnitudes of
these earthquakes returned to the same levels as those before the
mainshock. That is, (a) the stress magnitude in the Kamaishi region
drastically increased during the Tohoku-oki mainshock because the region
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Fig.1 The total slip distribution of larger than 5 m of
the 2011 Tohoku-oki earthquake (Yagi & Fukuhata,
2011) and the SLSR (Ye et al., 2012).

Fig.2 Fracture aperture distributions from CT data.
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Fig.3 Large-scale hydraulic fracturing experiment
under supercritical condition.
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Fig.4 Permeability test after the hydraulic fracturing under over 400°C

probably acted as a barrier to further rupture propagation; (b) the increased
stress made earthquakes occur more actively in offshore Kamaishi both in
terms of frequency and magnitude; and therefore, (c) the frequent
aftershock occurrence cased the stress in Kamaishi mine to decrease and
to return to approximately the same level as before the 2011 Tohoku-oki
earthquake as well as increasing the cumulative postseismic slip in this
region. In addition, the consistency between the change in measured stress
and the change in seismicity in the Kamaishi regions suggests that the
results of stress measurements, even those at a much shallower depth than
the earthquake source fault, can be useful for understanding rupture
propagation behavior.

Effect of the hydraulic stimulation on
hydraulic fracturing characteristics and gain
in permeability of high-temperature ductile
granite
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The creation of geothermal reservoirs in high-temperature ductile rock has
recently been suggested. However, the characteristics of fracturing by

hydraulic stimulation under ductile conditions of rock are not yet clear. In
this study, hydraulic stimulation experiments on granite at temperatures of
200-450°C were conducted by injecting water into cylindrical granite with
a borehole at a confining pressure of 40 MPa. The formation of fractures
was observed at all temperatures, but fractures formed in different
manners depending on the temperature, perhaps due to different water
viscosities. At the lowest temperature, fractures propagated linearly from
the borehole, and the borehole pressure required for the fracturing was
much larger than the confining pressure, similar to hydraulic stimulation
atroom temperature. However, these fracturing characteristics disappeared
with increases in temperature. As the temperature increased, the fracturing
pattern shifted to the formation of a larger number of shorter fractures and
less borehole pressure was required. Porosity and permeability increased
significantly by hydraulic stimulation at all temperatures, and permeability
gain was high even at the highest temperature, which exceeded the brittle-
ductile transition temperature.
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Fig.5 Slip experimental system under subcritical/
supercritical geothermal reservoir condition

17



