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ABSTRACT

At the Ogachi site, where CRIEPI is undertaking a re-
search project for Hot Dry Rock geothermal energy devel-
opment, in-situ rock stress was measured by laboratory
tests using the Acoustic Emission (AE) method and the
Differential Strain Curve Analysis method (DSCA), to-
gether with core disking phenomenon and shut-in pres-
sure. The results of the three - AE, DSCA, and core disk-
ing - were consistent with the azimuth of horizontal
maximum stress.  The direction of maximum stress is es-
timated as roughly NE-SW, and this direction is consistent
with the estimated paths of fracture growth in hydrofrac-
turing, although they are not simple at this site.

1 INTRODUCTION

Rock stress is one of the parameters affecting the reservoir
formation in hydrofracturing and water circulation for
HDR development.  Until 1997, information about rock
stress states at the Ogachi site was limited.  One source of
information was fault mechanism of field AE (Kaieda,
1998), observed during water injection, and another was
the laboratory Kaiser effect test (lab. AE method).  The
latter test needs oriented core, but tests made in 1997 used
cores with uncertain orientations.  Orientation was deter-
mined after retrieving the core by comparing the borehole
wall image and natural joints on the core, but there were
too many joints.

In 1998, additional tests for rock stress measurement were
planned.  Since the accuracy of core orientation is crucial
to core-based rock stress measurement, we decided to rely
only on andesite dikes thicker than a few centimeters to be
certain core orientation.  Laboratory AE tests and DSCA
tests were performed using the accurately oriented cores.
Cores from the production well were reexamined and clear
core disking phenomena were observed at a few points.
Core disking is caused by rock stress, and hence provides
valuable information about it.  The estimated stress by the
lab. AE tests, the DSCA tests, and core disking are pre-
sented and discussed. They are also compared with the re-
sult from the fault mechanism of field AE.

2 CORE DISKING

2.1 General description of core disking
Core disking is a phenomenon occurs when a core breaks
during coring and forms a succession of discs. It is com-
mon in hard rock when horizontal stress is extremely high.

Sugawara (1978) has presented an experimental criterion
for core disking as follows,

St < 0.125(σH - σh) – 0.25 σz                     (1)

where
St : Brazilian tensile strength
σH : horizontal maximum stress in compression
σh : horizontal minimum stress in compression
σz : vertical stress.

It is well known that when stress anisotropy in the hori-
zontal plane σH - σh is very high, each disc exhibits a
saddle or potato chip shape.  In such cases, the fractured
surface of the disc is curved and the diametral direction
along a valley on the surface indicates the maximum stress
direction.

So core disking can be an indicator of in-situ rock stress in
both magnitude and direction.

2.2 Discing observed on production well core

Reexamination of the core from a production well of more
than 1000 m depth shows clear core disking at two depths:
1057 m and 1076 m.  At both points, the discs exhibit a
potato chip shape, suggesting high stress anisotropy in the
horizontal plane.  The discs have been accurately oriented
using a nearby andesite vein.  The shape of the core disk-
ing suggests that the horizontal maximum direction is
N41ºE.  The existence of core disking also suggests a lar-
ge horizontal stress compared to vertical stress.  The po-
tato chip shape of the discs indicates a large difference in
horizontal maximum and minimum stress.  But it is im-
portant to note that such stress states are not necessarily
distributed over the entire depth of the hole because core
disking is observed only at two points of the hole.

3 LABORATORY AE METHOD

3.1 General description of the AE method

The AE method is a way of estimating in-situ rock stress
based on the Kaiser effect of material. In general, the ef-
fect is as follows: when a material is increasingly loaded,
Acoustic Emission is observed after the load exceeds the
level the material experienced in the past.

Since a rock specimen has experienced an in-situ rock
stress, we can anticipate that a laboratory loading test will
reveal it by means of the Kaiser effect.  There is some dis-
cussion about the difference between in-situ 3-
dimensional stress states and laboratory loading condi-
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tions. But several studies have proven that lateral stress
histories do not affect the result of estimating  the axial
pre-stressed level by uniaxial loading test (Shin,1991).

3.2 AE test results near the core disking

Specimens for laboratory AE tests were taken from a core
directly connected to the core disking at a depth of 1076
m, so the specimens have presumably been subjected to
very similar stress states as part of the core disking.  AE
Kaiser tests were performed in four horizontal directions.
Fig. 1 shows an example of AE count vs. time and stress
vs. time. We observed that the AE count began to increase
at some point.  The reading point is indicated by an arrow
and the width of reading error is shown by a line.

The horizontal distribution of estimated in-situ rock stress
by the AE method is shown in Fig. 2.  The direction of
horizontal maximum stress has been calculated to be
N38ºE and agrees well with the indication of core disking.
The maximum and minimum horizontal stresses are 80
and 35 MPa, respectively, and suggest large horizontal
stress states compared to depth (ρgD=28MPa) as well as
large stress anisotropy. But it is important to note that
since the specimens for the AE test were taken at a point
just next to core disking, the indicated stress state is not an
average but rather represents an extreme state along the
hole.

4 DSCA METHOD

4.1 General description of the DSCA method

The DSCA method utilizes hydrostatic loading of a spe-
cimen with strain gauges attached in more than six direc-
tions, and with a coating to prevent the penetration of oil.
The assumption is that a specimen retrieved from an in-
situ stress state has expanded according to the stress state.
The expansion is assumed to be accompanied by opening-
up of micro-cracks.  These micro-cracks will lead to the
largest compressibility in the maximum stress direction,
and likewise for medium and minimum stress.

4.2 Result of the DSCA test

Specimens of granite for the DSCA test were taken from a
1057 m depth. An example of strain vs. pressure relation
is shown in Fig. 3. The relative amount of micro-cracks in
each direction is indicated by the initial gradient (βL) of
the respective strain vs. pressure curve.  The effect of an-
isotropy on the matrix itself is correlated by the gradient at
a high pressure level (βH). In the present analysis, the
principal stress is assumed to be proportional to βL-βH

for corresponding directions.
   
The results of stress analysis are shown in Fig. 4.  The re-
lative values of the principal stresses have been correlated
by the overburden pressure of ρ=2.7g/cm3. σ1, σ2, and
σ3 are estimated to be 37, 23, and 17 MPa, respectively.

To compare to the results of core disking and the AE
method, the horizontal maximum stress direction is N67ºE
and agrees fairly well.

5 DISCUSSION & CONCLUSION

5.1 Core disking criterion and AE Kaiser test

As stated before, the horizontal maximum stress direction
estimated by both the lab.-AE Kaiser test and core disking
agreed well.  Since samples for AE test were just adjacent
to the location of the core disking, if stress state obtained
by AE method is consistent with the criterion of core
disking, it would further confirm the test result.  Substi-
tuting the stress values σH=80, σh=35 and σV=28MPa from
the AE Kaiser test into equation (1) leads the Brazilian
tensile strength, St=74 MPa. This value is just appropriate
for the granite at the site.

Thus we have observed the consistency both in direction
and magnitude of stresses indicated by core disking and
the lab.-AE Kaiser test.

5.2 DSCA method

The specimens for the DSCA test were from a depth of
1057 m, about 20m from the core disking. The direction of
horizontal maximum stress was N67ºE, less than 30 de-
grees different from the results of the AE test and core
disking.

5.3 Results of field AE

It should be noted that field AE during injection has given
different results concerning the stress direction. The meth-
od of Gephart and Forsyth (1984) was applied to the fault
plane solutions of AE during injection the test (Kaieda,
1998), and the result is shown by the empty marks in Fig.
5. The horizontal maximum direction is WNW-ESE and
different from that indicated by the saddle direction of
core disking, the lab-AE test, and the DSCA test.

The combination of the multiplet analysis of AE and ana-
lysis of slip directions on fault planes gives another infor-
mation on rock stress. The result will be presented by Mo-
riya et al. (2000) at this WG Conference. The preliminary
result is shown by the solid marks in Fig. 5. This shows
that maximum principal stress direction is near vertical.

5.4 Direction of maximum stress

As stated above, different stress directions have been es-
timated by the different methods. The horizontal maxi-
mum stress directions for the lab-AE test, the DSCA test,
core disking, and field AE fault mechanism are shown in
Fig. 6. The field AE multiplet analysis estimated the
maximum stress direction as almost vertical. Thus the re-
sults are confusing and decisive information is lacking. So
we are obliged to rely on the consistency of the distribu-
tion of the clouds of the field AE during injection.
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The distribution of the AE epicenter during hydrofractur-
ing and injection tests should be affected by pre-existing
natural joints and rock stress. The region of AE sources
extends eastward from the upper part (700 m) of the hole
and northward from the lower part (1000 m) (Kaieda,
1998). This difference is explained by the difference in di-
rection of the predominant joint sets at the upper and low-
er part of the reservoir (Ito, 1999).  Observing the dis-
tribution of the AE epicenter in detail, both regions of AE
are toward the northeast direction (Kaieda, 1999).  This
phenomenon agrees with the horizontal maximum direc-
tion suggested by the AE and DSCA tests and core disk-
ing.  Consequently, the azimuth of maximum stress at the
reservoir is tentatively regarded as NE-SW.

5.5 Magnitude of stress

The specimens for lab.-AE tests were taken from a core
just next to one of the core disking phenomenon. Core
disking was found at only a few points of the entire bore-
hole core. Rock stress is generally considered to vary from
place to place. The core disking at this site is considered to
be caused by local stress concentration.
     So, although the stress value estimated by lab.-AE test
is reliable for that location because it is consistent with the
criterion of core disking, it is not the representative value
for the site. It is difficult to estimate the average of stress
state from almost the maximum value for the site. But
relying on an experience of stress measurement, the half
of the maximum value may be taken as the representative
stress at the reservoir (σH=40).
     DSCA method has given the result σ1=37, σ2=23 and
σ3  =17 MPa, and gives the horizontal components σH

 =30
and σh =22MPa.
     Shut-in pressure at about 1000m depth has been ob-
tained as 23MPa from pressure vs. flow rate curves.  The
immediate shut-in pressures were almost the same. The
value 23MPa is slightly larger than the minimum stress
estimated by other methods, but considered roughly con-
sistent.
     As described above, the various data are roughly
agreeing concerning the stress magnitude. The magnitudes
of stress at the reservoir are regarded as σH

 =30～40, σh ≒

22 and σv ≒25 MPa, or 3 dimensionally σ1 ≒37, σ2 ≒23
and σ3 ≒17.
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Fig.1 Examples of results of lab.-AE test
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Fig.2 Estimated horizontal stresses by lab.-AE test

Fig.3 An example of strain curve of DSCA

Fig.5 Distribution of principal stresses by field AE
methods (fault mechanism & multiplet)

       (lower hemisphere projection)
                                             (Moriya, et al., 2000)

Fig.4 Distribution of principal stresses by DSCA
        (lower hemisphere projection)

Fig.6 Distribution of horizontal maximum stresses
by several methods
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