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An often disputed subject is whether the stress memory of rocks can be reproduced by deformation rate analysis
(DRA). Doubt has also been expressed on whether a rock can memorize its stress history. We compared the stress
state around the Atera fault system, central Japan, using the hydraulic fracture test (HFT) and DRA at the same
boreholes. The quality of the HFT results at these holes, especially that of the magnitude of maximum horizontal
compression (SHmax), was recently improved by considering the tensile strength of the borehole wall. The SHmax
azimuth determined by the DRA was about N-S. Although this is inconsistent with the geological presumption,
it agrees well with the SHmax azimuth estimated by the HFT and the drilling-induced tensile fracture (DITF). The
magnitudes of horizontal principal stresses obtained by DRA were generally consistent with the improved HFT
results, and the consistency between stress states estimated by the DRA and the HFT indicates the existence of
stress memory. Based on our results, we conclude that the DRA can be one option for measuring the stress state
of the earth’s crust.
Key words: Stress state, Atera fault system, stress memory of rocks, hydraulic fracture test, deformation rate
analysis.

1. Introduction
Investigations on the stress state in the earth’s crust pro-

vide important information on its deformation process be-
cause such information obtained from the stress state is in-
dependent of that from the strain or the strain rate deter-
mined by geodetic and/or geological methods. A variety
of methods have been proposed to measure the stress state
at a depth using a borehole. These include the stress relief
method and the hydraulic fracture test (HFT) that are some-
times regarded as standard methods even though they are
associated with a number of specific defects. For example,
it is difficult to apply the stress relief method to a large depth
because this method requires precisely co-axial drilling of
the hole as well as knowledge of the elastic property of
rocks under the in situ stress condition. For the HFT, Ito
et al. (1999) pointed out that the re-opening pressure which
is used to estimate the maximum horizontal compression
(SHmax) cannot be read correctly by the ordinal HFT using
a hydraulic system with large compliance.

The stress measurement techniques using core samples
recovered from boreholes are yet another option to esti-
mate the in situ stress state at a depth. These techniques
are called core methods and are based on the principle of
the stress memory of rocks, which is the ability of rocks to
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accumulate, retain and, under certain conditions, reproduce
information on the stress history (Lavrov, 2003). A typi-
cal representation of the stress memory is the Kisser effect,
which can be described as follows: when a cyclic loading
is applied to a rock and the maximum stress in the succeed-
ing loading cycle is larger than that in the preceding loading
cycle, the acoustic emission activity in the succeeding load-
ing cycle is very low or not observed until the applied stress
reaches the maximum stress in the preceding loading cycle.
Kanagawa et al. (1977) proposed the AE method, which
is an application of the Kisser effect, and Yamamoto et
al. (1990) developed the deformation rate analysis (DRA),
the details of which will be described later in this article.
All of these methods have the principle advantage that the
crustal stress can be estimated with relatively less expense
and time. Further, the full-component stress tensor can be
estimated using a single borehole, while only stresses in a
plane normal to the borehole axis can be measured by the
HFT. Stress measurement at a large depth is also difficult
with the HFT and the stress relief method, although the core
methods are applicable so long as core samples are recov-
ered.

The mechanism of stress memory of rocks has been dis-
cussed by Holcomb (1993) and Yamamoto (2009). In prac-
tical terms, Villaescusa et al. (2002) demonstrated that the
stress states estimated by the DRA under various geological
environments were in good agreement with those obtained
by the stress relief method. However, despite these efforts,
the reliability of the core methods are still in dispute (e.g.,
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Table 1. List of sites.

Site Depth, m Distance from the Atera fault Time interval∗, year Rock type

UEN 340 1.5 km to SW 4 granite

399 4 granite

FKO 296 4.0 km to SW 4 granodiorite

379 4 granodiorite

HTJ 400 6.7 km to SW 3 granodiorite

HGW 392 0.5 km to E 4 granodiorite
∗: Time interval between sample recovering and stress measurement.

Fig. 1. Map around the Atera fault system. Solid lines indicate active fault
traces.

Ljunggren et al., 2003).
The Atera fault system is located in central Japan. It ex-

tends 60–70 km along the strike in an approximately NW-
SE direction, as shown in Fig. 1. The bending of rivers and
the accumulated displacement observed in the terrace of the
Kiso River imply that the predominant slip of the fault sys-
tem is the left-lateral strike-slip (Sugimura and Matsuda,
1965; Tsukuda et al., 1993). The slip rate is estimated to
be about 2.8 mm/year based on the accumulated dislocation
(Tsukuda et al., 1993). Toda and Inoue (1995) and Toda et
al. (1996) conducted a trenching survey to investigate the
paleoseismicity of the Atera fault system. Based on their
results, they suggested that the latest activity on the Atera
fault system is the 1586 Tensho earthquake (M 7.8) and es-
timated the recurrence interval to be about 1800 years. The
present seismicity of small earthquakes around the Atera
fault system is very low, in particular along the southern
part of the fault system.

The National Research Institute for Earth Science and
Disaster Prevention (NIED) drilled holes at UEN, FKO,
HTJ, and HGW (Fig. 1, Table 1) to determine the stress
state around the Atera fault system. The UEN, FKO, and
HTJ boreholes are aligned perpendicular to the strike of the
Atera fault, a southern segment of the Atera fault system, on

SW side of the fault. The distance from the fault to UEN,
FKO, and HTJ is about 1.5, 4, and 6.7 km, respectively. The
HGW borehole is located about 350 m east of the Hagiwara
fault, a northern segment of the Atera fault system. Ikeda
et al. (2002) carried out the HFT at these sites. However,
because they used an ordinal hydraulic system with large
compliance, it is possible that the re-opening pressure was
not measured correctly. Yamashita et al. (2009) performed
the tensile fracturing test in the laboratory using rock sam-
ples retrieved from the holes where the HFT was carried
out. They re-evaluated the stress magnitude by calibrating
the measurements made by Ikeda et al. (2002) to improve
quality of stress estimation.

In this paper, we estimate the state of stress around the
Atera fault system by applying the DRA to boring core
samples recovered from boreholes in which the HFT was
performed. Because the HFT is sometimes regarded as a
standard technique to measure the crustal stress at a depth,
we compare the stress state obtained by the DRA with that
obtained by the HFT in order to assess the reliability of the
DRA. The main purpose of this paper is to show that the
DRA as well as the HFT can be used as standard stress
measurement techniques.

2. Method
2.1 Outline of the techniques

Deformation rate analysis is a technique used to repro-
duce the stress memory of rocks from their non-linear re-
lationship between applied stress and strain under a cyclic
uniaxial loading (Yamamoto et al., 1990, 1993; Yamamoto,
2009). Yamamoto (2009) assumed as a principle of the
DRA that the nonuniformity in stress distribution in a rock
is minimized at a site. He theoretically showed that the
magnitude of the in situ stress can be reproduced from the
inelastic behavior of rocks using the uniaxial compression
test.
2.2 Preparation of specimens

We estimated the stress state of six crystalline rock
samples recovered from depths (300–400 m) at four sites
(Table 1). The temperature in the boreholes was less than
30◦C and, therefore, the effects of thermal stress on the
measurements due to differences in temperature at the site
and in the laboratory should be minor. The stress measure-
ment by the DRA was performed within 4 years of the sam-
ples being recovered from depths.

Rock specimens (15×15×35 mm3) were cut from the
cores 63.5 mm in diameter (Fig. 2) in order to reconstruct
the axial stress parallel to their long axis. A strain gauge
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Fig. 2. Schematic illustration of sample preparation. A set of specimens is cut from a core sample. R indicates the reference azimuth of the core sample.

was pasted on each free surface of each specimen. The
strains measured by the individual gauges were averaged
by an analog circuit to reduce the strain associated with
bending effects due to eccentric loading.

The horizontal stresses in four azimuths at 45◦ inter-
vals were estimated to determine the horizontal principal
stresses, which were measured by the HFT. We also es-
timated the vertical stress. Three specimens in each hori-
zontal direction and six specimens in the vertical direction
were prepared. Each specimen was assigned an identifica-
tion number for convenience in the form of pppddd-V-s for
a vertical specimen or pppddd-aaa-s for a horizontal spec-
imen, where ppp, ddd, s, and aaa indicate the site name,
the sample recovering depth, the identification number of
the specimen, and the azimuth, respectively. For example,
the first specimen cut from a core recovered from a depth
of 379 m at the FKO site to estimate the vertical stress was
denoted FKO379-V-1.
2.3 Reading of the stress memory

We detected the stress memory using the strain difference
function: �εi j (σ ) = ε j (σ )− εi (σ ), where σ and εk(σ ) are
the applied axial stress and the axial strain for k-th load-
ing, respectively, and i < j . Each strain difference function
was given a name, which took the form of pppddd-V-s-i-
j for vertical specimens and pppddd-aaa-s-i-j for horizon-
tal ones. The stress memory is recognized as a discontin-
uous change in the gradient (bending) of this function, as
schematically shown in Fig. 3. The axial stress at which the
bending of function occurs is called the bending stress. In
an ideal case (top function in Fig. 3), the function has only
one bending stress corresponding to the memorized stress.
However, since the function is sensitive to fluctuations in
stress rate, it is sometimes bended twice or more by a small
fluctuation in the ram stroke of the loading apparatus (sec-
ond to fifth functions in Fig. 3). Because the stress rate
fluctuation occurs randomly, the bending stress caused by
the fluctuation should depend on the combination of load-
ing cycles (i and j) used to calculate the strain difference
function. The bending stresses due to the fluctuation on two
specimens in the same direction also differ from each other.
On the other hand, the bending stress representing the stress
memory is independent of either the loading cycles or the
specimens, as shown in the shaded area in Fig. 3.

ideal case
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Fig. 3. Schematic illustration of the strain difference function. Arrows
indicate the inelastic behavior of functions. Shaded area represents a
stress magnitude range in which the inelastic behavior is commonly
observed on all of the strain difference functions.

The bending of the strain difference function is some-
times unclear. One possible explanation for the unclear
bending can be that the magnitude of maximum applied
stress is either too large or too small. The former causes
an accumulation of extra damage, which degrades the stress
memory. The latter results in a short linear segment after the
bending that is related to stress memory. This is associated
with a difficulty in recognizing the stress memory. There-
fore, at least two specimens in each direction must be tested
under different magnitudes of the maximum stress.

To summarize, in this section we emphasize that we can-
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not determine the stress memory of rocks from the individ-
ual strain difference functions as described in the following
section; rather, they must be surveyed in combination. We
applied the following rules in determining the stress mem-
ory: (1) the bending stress representing stress memory does
not depend on the maximum applied stress; (2) the bending
stress representing stress memory does not depend on the
combinations of loading cycles; (3) the magnitude of ver-
tical stress does not significantly differ from the overbur-
den pressure; (4) the dependence of axial stress on azimuth
obeys a sinusoidal function; σ(θ) = σm+σd cos(2(θ−θ0)),
where θ is the azimuth, θ0 is the azimuth of maximum hor-
izontal compression, and σm and σd represent the magni-
tudes of isotropic and deviatoric components of horizontal
stress, respectively.

3. Results
A typical loading history and the stress-strain relation-

ship obtained from a specimen of FKO379-V-1 is shown
in Fig. 4. The loading rate was servo-controlled to be
0.05 MPa/s. Depending on the quality of the data, there
could be as many as six loading cycles.

As it is expected that the stress state in the crust tends to
be the lithostatic state, we assumed that the magnitudes of
horizontal stress do not significantly differ from the vertical
stress. Therefore, we did not perform tests with a maximum
stress that was greater than threefold the vertical stress in
order to restrain pollution by extra damage.
3.1 Reading the stress memory in practice

Here, we explain how to read the stress memory in prac-
tice by showing the strain difference functions obtained for
specimens of FKO379 as typical examples.

3.1.1 Vertical stress Figure 5(a)–(e) show examples
of the strain difference function for the vertical specimens
recovered from a depth of 379 m from the FKO borehole.
Because the average density of rocks measured by logging
at this site was 2600 kg/m3, the overburden pressure ex-
pected for this depth is 9.7 MPa. Figure 5(f)–(j) shows the
significance of the bending measured by a technique pro-
posed by Kato et al. (1991) in which two lines are fitted
to the neighboring data windows before and after a target
stress, and the significance of the difference between the
slopes of the two lines is tested using Student’s t statis-
tics. The window length before a target stress in this study
is 2 MPa. Because the strain difference functions tend to
be less linear after a bending, a shorter window length of
1.4 MPa is used for line fitting after the target stress. The
target stress is shifted from point to point to obtain varia-
tions in the t value with respect to the applied stress. In
this plot, the t value reaches a peak at a bending stress. It
should be noted that the largest peak does not necessarily
occur at the bending representing the stress memory—the
peak in the t-value function simply indicates the existence
of a bending. The bending representing the stress memory
must be identified according to the rules stated in the pre-
ceding section.

Although large convexo-curvatures of the strain differ-
ence functions obtained for specimens of FKO379-V mask
the bending of functions in some cases, we can recog-
nize a clear bending on the function of FKO379-V-2-4-6

(a)

(b)

Fig. 4. Examples of (a) loading history and (b) a stress-strain curve
for a vertical specimen recovered at FKO379. Arrows in (b) indicate
increases in time.

(Fig. 5(b)) and FKO379-V-4-3-5 (Fig. 5(d)) at the applied
axial stress of about 8 MPa, which is close to the expected
overburden pressure. While the function of FKO379-V-4-
3-5 (Fig. 5(d)) also has a bending at about 4.5 MPa, this
bending stress is too small to adopt it as the vertical stress
at this depth. The bending of functions of FKO379-V-1-
3-4 (Fig. 5(a)) and FKO379-V-3-2-4 (Fig. 5(c)) at approxi-
mately 9.5 MPa and 8.5 MPa, respectively, is not as clear as
that of FKO379-V-2-4-6 and FKO379-V-4-3-5 at approxi-
mately 8 MPa, but the t value reaches a peak at the corre-
sponding axial stress. Based on a visual determination, the
peak in FKO379-V-1-3-4 occurs at an axial stress slightly
larger than the bending stress, primarily due to the round
shape of the strain difference function. We can also find
bendings on the function of FKO379-V-6-4-6 (Fig. 5(e)) at
approximately 7 MPa and 9.5 MPa. Because other func-
tions for the vertical specimens of FKO379 have a bend-
ing between 8 and 10 MPa, the bending stress of 9.5 MPa
should be more suitable to adopt as the stress memory.

In addition to the strain difference functions in Fig. 5, we
can find clear bendings at the applied stress between 8 and
10 MPa in ten strain difference functions, including those
of FKO379-V-5 (not shown here). The estimated vertical
stress was 8.9±0.5 MPa.

3.1.2 Axial stress in the reference azimuth (R000)
Figure 6 shows examples of strain difference functions and
t value functions for horizontal specimens in a reference az-
imuth (R000 in Fig. 2). The function of FKO379-000-1-3-4
(Fig. 6(a)) has four bendings at approximately 5, 9, 12.5,
and 25 MPa, respectively. The bending at about 25 MPa is,
however, not recognized in the strain difference functions
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Fig. 5. (a)–(e) Examples of strain difference function for specimens recovered at FKO379. Lines attached to individual functions are drawn to emphasize
changes in the gradients of functions. Arrows and shaded area are the same as in Fig. 3. (f)–(j) Examples of t value as a function of applied stress.
See text for details.

for different combinations of loading cycles. The function
of FKO379-000-2-3-4 (Fig. 6(b)) has only one bending at
approximately 12.5 MPa, while that of FKO379-000-2-4-5
(Fig. 6(c)) bends at about 6, 8.5, and 13.5 MPa. Among
these three bendings, that at about 13.5 MPa is the most
significant. The bending at about 6 MPa is followed by a
concave at about 6.5 MPa. This is a typical aspect of bend-
ing due to a fluctuation of stress rate, and if this fluctua-
tion is ignored, the gradient of function does not change at
this point. Therefore, this should not be the bending related
to the stress memory. The function of FKO379-000-3-3-
5 (Fig. 6(d)) has one unclear bending at about 8 MPa and
clear bendings at about 11 and 12.5 MPa, respectively. The
function of FKO379-000-3-4-5 (Fig. 6(e)) shows two clear
bendings at about 10 and 12.5 MPa, respectively.

The bending stresses in the range between 12 MPa and
14 MPa are, therefore, the most commonly observed bend-
ings among all of the strain difference functions for spec-
imens of FKO379-000, while the bending stress of about
10 MPa is also found in some functions. We therefore con-
sider the stress of 12.8±0.3 MPa to be the most suitable for
axial stress in this azimuth. The stress of 9.8±0.8 MPa is
the second candidate.

3.1.3 Axial stress in the azimuth of R045 Figure 7
shows examples of the functions for specimens in an az-
imuth of 45◦ clockwise from the reference direction (R045

in Fig. 2). The bending of function of FKO379-045-1-3-5
(Fig. 7(a)) at about 10.5 MPa is relatively clear, but the func-
tion slightly bends at about 6.5 MPa. While the function of
FKO379-045-1-4-5 (Fig. 7(b)) is contaminated by noises,
probably due to fluctuations in the stress rate, it clearly
bends at about 11 MPa. The function of FKO379-045-1-
4-6 (Fig. 7(c)) has two bendings at about 10 and 15 MPa,
respectively, with the former being clearer. The function
of FKO379-045-2-4-5 (Fig. 7(d)) bends four times at about
6.5, 9.5, 11, and 14 MPa, respectively. It should be apparent
that the bending at about 14 MPa is caused by a significant
fluctuation of stress rate under an applied stress of more
than 14 MPa. The left three bendings are similar in terms
of clearness. The function of FKO379-045-3-3-4 (Fig. 7(e))
has two bendings at about 8 and 12 MPa, respectively.

As is shown by the shaded zone in Fig. 7, all of the
functions have bendings at axial stresses between 10 and
12 MPa. We therefore estimated the magnitude of axial
stress in this azimuth to be 11.6±0.6 MPa.

3.1.4 Axial stress in the azimuth of R090 Figure 8
shows examples of the functions for specimens of FKO379-
090, whose azimuth is 90◦ clockwise from the reference
direction (R090 in Fig. 2). The function of FKO379-090-
1-2-3 (Fig. 8(a)) has two bendings at about 9 and 16 MPa,
respectively. However, the change in gradient at 9 MPa is
too gradual to call it a bending, while that about 16 MPa
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Fig. 6. Same as in Fig. 5, but for horizontal specimens parallel to the reference azimuth at FKO379.

is clearly recognizable. The function of FKO379-090-1-
2-4 (Fig. 8(b)) also has two bendings, at about 12.5 and
15.5 MPa, respectively, although the one at 12.5 MPa is
not clear. Both bendings of the function of FKO379-090-2-
4-5, at about 11 and 16 MPa, respectively, are significant.
Although the function of FKO379-090-3-3-5 (Fig. 8(d)) has
a round shape, the t value suggests that the function bends
at about 15 MPa. The bending stresses of the function
of FKO379-090-3-4-5 (Fig. 8(e)) are about 10, 12.5, and
16 MPa, respectively.

All of the functions have bending points between 15 and
17 MPa. Therefore, the axial stress in this azimuth should
be 15.5±0.3 MPa. On the other hand, because some func-
tions commonly show bending at about 10 MPa, the stress
of 10.0±0.7 MPa is the second candidate for the axial stress
in this azimuth.

3.1.5 Axial stress in azimuth of R135 Figure 9
shows examples of the functions for specimens of FKO379-
135, whose azimuth is 135◦ clockwise from the reference
direction (R135 in Fig. 2). The function of FKO379-135-
1-3-6 (Fig. 9(a)) bends at about 13 and 15.5 MPa. The
function of FKO379-135-2-3-5 (Fig. 9(b)) has two bend-
ings at about 13 and 16 MPa, respectively, with that at about
13 MPa being more recognizable. The gradient of function
of FKO379-135-2-5-6 (Fig. 9(c)) changes at about 15 and
19 MPa, and it appears that there are a few bending (no
arrows are attached) at stresses between 5 and 10 MPa. Be-
cause these latter stresses are a combination of convex and

concave, they should be results of stress rate fluctuation.
The function of FKO379-135-2-4-6 (Fig. 9(d)) has a bend-
ing at about 15 MPa. The gradient changes in this func-
tion at about 6 and 19 MPa, respectively, are too gradual
to call them bendings. The function of FKO379-135-3-2-4
(Fig. 9(e)) has a minor bending at about 14.5 MPa.

Bending stresses between 14 and 16 MPa are commonly
observed, while clear bending at about 13 MPa can be found
in a few functions. The axial stress in this azimuth is there-
fore estimated to be 16.0±0.6 MPa.

3.1.6 Evaluation of azimuthal dependence of axial
stresses The sinusoidal function in rule (4) is fitted to the
azimuthal variation in estimated stress magnitude (Fig. 10).
Note that the azimuth in Fig. 10 is not measured from the
reference direction but from the geographic north. The
core sample recovered from a depth of 379 m at the site
of the FKO borehole was oriented by comparing fractures
on the core with those on the borehole wall delineated by
the borehole televiewer. The reference direction (R000) of
this core is N53E.

The best-fit sinusoidal function for the most suitable
combination (primary data set) of estimated axial stresses
are shown in Fig. 10(a). The SHmax azimuth is N172E, and
the isotropic and the deviatoric stress are 14.0±0.2 MPa and
2.6±0.2 MPa, respectively.

The axial stress in the azimuth of R000 and R090 has
a second candidate, as stated above. Figure 10(b) shows
the best-fit sinusoidal functions for data sets in which the
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Fig. 7. Same as in Fig. 5, but for horizontal specimens at an azimuth of 45◦ from the reference azimuth at FKO379.

second candidate of axial stress in azimuth of R000 and/or
R090 is adopted. If the second candidate is assumed to be
the axial stress in the azimuth of R090 (N143E), we can-
not find a sinusoidal function satisfying the data (dashed
and dot-dashed lines in Fig. 10(b)). Only for the data set
with the second candidate of R000 (N53E) and the primary
estimations for other azimuths, the best-fit sinusoidal func-
tion (solid line in Fig. 10(b)) can reproduce the azimuthal
variation in the axial stress. In this case, the SHmax az-
imuth is N162E and the isotropic and the deviatoric stress
is 13.2±0.6 and 3.6±0.8 MPa, respectively. This is very
close to the estimation for the primary data set. Further, the
root mean square (rms) residual for the second best data set
is 1.3 MPa, while that for the primary data set is as small
as 0.12 MPa. We then adopt the stress state estimated from
the primary data set as the in situ stress state at a depth of
379 m at the FKO borehole.
3.2 Stress states at other sites

The stress states at other sites are shown in Fig. 11. The
estimated magnitudes of the vertical, isotropic, and devia-
toric stresses are summarized in Table 2. Because we could
not orient the core sample of HTJ400 (Fig. 11(d)), the az-
imuthal variation in magnitude of the axial stress at this site
is represented relative to the arbitral reference direction.
The bendings of strain difference functions for specimens
of HGW392 were unclear in most cases. We therefore per-
formed stress measurements in eight azimuths to increase
the reliability of estimation (Fig. 11(e)).

4. Discussion
4.1 Reliability of SHmax azimuth

The spatial variation in the SHmax azimuth is shown in
Fig. 12. The SHmax azimuth at UEN340 is about E-W,
which is consistent with the fault motion expected from the
geological information. Because, however, the magnitude
of the deviatoric stress at this site is not larger than the
estimation error of axial stresses in the individual azimuth,
the estimated SHmax azimuth is not expected to be reliable.
The SHmax azimuths at other sites close to the Atera fault
(UEN399, FKO296, and FKO379) are almost N-S. The
SHmax azimuth of HGW392 is about NE-SW. These results
mean that a right-lateral strike-slip should occur along the
Atera fault system, They are not in agreement with the
geological presumption that the Atera fault system consists
of left-lateral strike-slip faults.

Ikeda et al. (2002) performed the HFT at UEN, FKO, and
HTJ and reported that the SHmax azimuths estimated by the
HFT were also N-S. Because the SHmax azimuth is mea-
sured from observations of fracture on the borehole wall,
its reliability is not affected by compliance of the hydraulic
system used for the HFT. Drilling-induced tensile frac-
ture (DITF) extending in the NE-SW direction was found
at HGW (Yamashita, personal communication), suggesting
that the SHmax azimuth at this site is NE-SW. The differ-
ences between SHmax azimuths thus estimated by traditional
techniques and by the DRA are less than 20◦. We then con-
sider the possibility that the contradiction between the esti-
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Fig. 8. Same as in Fig. 5, but for horizontal specimens at an azimuth of 90◦ from the reference azimuth at FKO379.

mated SHmax azimuth and the geological presumption is not
due to the unreliability of stress determination by the DRA.

Because the dip of faults in the Atera fault system is
nearly vertical, fault slip induced by the present state of
crustal stress should be a right-lateral strike-slip, which is in
contrast to the expectation based on the geological informa-
tion. A possible reason for this inconsistency is a temporal
change in the stress state, as discussed by Yamashita et al.
(2009). However, any further discussion on this inconsis-
tency is beyond the scope of this study.
4.2 Reliability of stress magnitude

The magnitudes of SHmax and Shmin (the minimum hor-
izontal compression) estimated by the DRA and the HFT
are compared in Fig. 13. The error bars attached to the HFT
results in this figure represent only errors originating from
the tensile strength measurement.

4.2.1 Stress magnitude at UEN The stress magni-
tudes at the site of UEN were estimated by the HFT at only
one depth, 347 m, while they are determined at two depths
(340 and 399 m) by the DRA in this study. The magnitude
of Shmin at UEN340 estimated by the DRA is equal to that
estimated by the HFT at a depth of 347 m, while the SHmax

determined by the respective techniques differs by 4 MPa.
This difference in SHmax magnitude is significantly larger
than the errors in the axial stress estimation by the DRA
(0.5–0.7 MPa, Fig. 11(a)).

In the case of the HFT, the magnitude of SHmax is cal-
culated from the following equation: SHmax = 3Shmin −

Pb − T − Pp, where Pb, T , and Pp are breakdown pres-
sure, tensile strength of the borehole wall, and pore pres-
sure, respectively. Therefore, the error in SHmax estimation
is threefold larger than that of Shmin, being about 2.4 MPa
at this site. The remainder of the discrepancy may be ex-
plained by errors in the measurements of shut-in pressure,
breakdown pressure, and pore pressure. However, they are
not well understood at the present time.

The magnitudes of horizontal principal stresses at
UEN399 determined by the DRA are 1–2 MPa smaller than
those determined by the HFT. Although the error in fitting
the sinusoidal function to the azimuthal dependence of axial
stress in the DRA is negligibly small (Table 2), the estima-
tion error of axial stress in each azimuth is relatively large
(0.6–0.8 MPa). The estimation error in tensile strength by
Yamashita et al. (2009) was 0.8 MPa at this site. The differ-
ences between estimations by the DRA at UEN399 and the
HFT at UEN347 should not be significant.

4.2.2 Stress magnitude at FKO The HFT were per-
formed at four depths between 243 and 276 m at FKO. The
estimated magnitudes of Shmin by the HFT are in a range
between 8.0 and 10.0 MPa. On the other hand, the DRA
was applied to cores recovered from two depths of 296
and 379 m. The Shmin magnitude estimated by the DRA at
FKO296 was 9.3 MPa, which is in the range of Shmin mag-
nitudes determined by the HFT. The Shmin magnitude at
FKO379 by the DRA is 11.4 MPa, which is slightly larger
than the estimation by the HFT. The errors in sinusoidal
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Fig. 9. Same as in Fig. 5, but for horizontal specimens at an azimuth of 135◦ from the reference azimuth at FKO379.

(a) (b)

Fig. 10. Dependence of the estimated horizontal stress on azimuth at FKO379. (a) Solid and open circles indicate the primary and the secondary reading
of stress memories, respectively. Shaded zone represents the range of estimated vertical stress. Solid line indicates the sinusoidal function fitted to
the primary data set of stress memory reading. (b) Alternative sinusoidal functions fitted to other data sets of reading. Solid line; the secondary for
R000 and the primary for R090. Dashed line; the primary for both R000 and the secondary R090. Dot-dashed line; the secondary for both R000 and
R090.

function fitting, estimation of axial stresses in individual az-
imuth, and measurement of tensile strength are 0.4, 0.3–0.6
and 0.6–0.7 MPa, respectively. Considering these errors,
the difference between Shmin magnitude at FKO379 and that
by the HFT should be negligible.

The magnitude of SHmax at FKO estimated by the HFT
shows a large scatter from 13.7 to 18.9 MPa; in compari-
son, the magnitude at FKO296 and FKO379 by the DRA is
12.7 and 16.6 MPa, respectively. The estimation at FKO379
by the DRA is within the range of the HFT estimations. Be-

cause the estimation error in the fitting of sinusoidal func-
tion in the former case is as large as 1.2 MPa, it can also be
said that the SHmax at FKO296 agrees with estimations by
the HFT.

4.2.3 Stress magnitude at HTJ Since the depth of
the stress measurements by the HFT and that by the DRA
at HTJ differ by about 140 m, it is not clear whether we can
directly compare the results obtained by the respective tech-
niques. The Shmin magnitudes measured by the HFT at three
depths from 249 to 266 m ranged from 11.8 to 14.2 MPa,
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Fig. 11. Same as in Fig. 10(a), but for (a) UEN340, (b) UEN399, (c) FKO296, (d) HTJ400, and (e) HGW392.

Table 2. Summary of estimated stresses.

Site Depth, m σ ∗
v , MPa σ ∗∗

m , MPa σ ∗∗
d , MPa θ∗∗0 r∗∗∗

UEN 340 8.4±0.5 9.9±0.1 0.7±0.2 N87E 0.07±0.02

399 9.4±0.6 10.9±0.0† 3.7±0.0† N17E 0.34±0.00‡

FKO 296 7.3±0.3 11.0±0.5 1.7±0.7 N11E 0.16±0.07

379 8.9±0.5 14.0±0.2 2.6±0.2 N172E 0.19±0.02

HTJ 400 9.7±0.7 13.9±0.1 4.8±0.2 N/A§ 0.35±0.02

HGW 392 7.9±0.5 8.7±0.2 2.1±0.3 N29E 0.24±0.04
∗: the vertical stress, ∗∗: see the equation in rule (4), ∗∗∗: r = (SHmax − Shmin)/(SHmax + Shmin), †: fitting error of

the sinusoidal function was less than 0.05, ‡: error was less than 0.005, §: the core sample was not oriented.

while that at HTJ400 determined by the DRA was 9.1 MPa.
The errors in fitting of the sinusoidal function, estimation of
individual axial stress, and measurement of tensile strength
are 0.3, 0.7–1.0, and 0.6 MPa, respectively. Therefore, we
can conclude that the Shmin magnitudes obtained by the re-
spective techniques of the DRA and the HFT agree with
each other.

The SHmax magnitudes by the HFT were close to three-
fold greater than the vertical stress, while that by the DRA

was about twice the vertical stress. The difference between
the SHmax magnitudes by the respective techniques is more
than 7 MPa. This difference cannot be explained by estima-
tion errors.

As stated above, the depths of the stress measurement
by the two techniques are separated by about 140 m. It is
then possible that the difference between estimations is a
result of depth variation in stress magnitude. Alternatively,
it is also possible that this difference is caused by a defect
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Fig. 12. The SHmax azimuths around the Atera fault system. Black and
gray lines indicate the SHmax azimuth determined by the DRA and the
HFT, respectively. The SHmax azimuth at HGW was obtained from
DITF. Because the SHmax estimation at UEN340 was less reliable (see
text), it is shown by dashed line. Except for the gray line at HGW, the
length of line is proportional to the SHmax magnitude.

of either or both of the techniques. A potential problem in
the DRA is the restriction of maximum applied stress. Be-
cause we applied the maximum stress at less than threefold
greater than the expected vertical stress, we were unable to
determine such a large magnitude of SHmax as obtained by
the HFT at HTJ, even if it was memorized in the rocks. If
this is the case, the estimated SHmax by the DRA should be
an artifact due to misidentification of the bending point on
the strain difference functions of R045 and R090, which are
close to the SHmax azimuth.

On the other hand, while the HFT was performed at
depths of 249–266 m, Yamashita et al. (2009) estimated the
tensile strength of cores recovered from a depth of about
325 m because they could obtain only one test piece for ten-
sile stress measurement from cores recovered from depths
of 249–266 m. Although they carefully selected cores hav-
ing similar physical properties as rocks at depths of the HFT
based on the logging data to estimate appropriate tensile
strength of borehole wall at depths of the HFT, it is possi-
ble that the tensile strength of rocks at depths of 249–266 m
significantly differs from that at a depth of 325 m. Actually,
the tensile strength of a core sample recovered from a depth
of about 245 m was about 3 MPa smaller than that from
325 m (Yamashita, personal communication), although its
reliability is low. Because the tensile strength affects only
the SHmax magnitude, the inconsistency of the SHmax esti-
mation can be reduced to 4 MPa if the tensile strength of
the core from 245 m is assumed. This is, however, still
larger than the sum of estimation errors (by about 2 MPa).

The errors in pressure measurements in the HFT may
explain the discrepancy. However, current knowledge on
the errors associated with pressure measurement in the HFT

(a)

(b)

Fig. 13. Depth dependence of the magnitudes of (a) Shmin and (b) SHmax.
Solid line shows the overburden pressure expected for a density of
2600 kg/m3. Solid and open symbols represent measurements by the
DRA and the HFT, respectively. Circles, squares, diamonds, and trian-
gles indicate measurements at UEN, FKO, HTJ, and HGW.

is limited, as stated above. Further studies on this subject
are desired.

5. Conclusions
The crustal stress around the Atera fault system was mea-

sured by the DRA. Because the HFT is sometimes regarded
as a standard technique to estimate the state of crustal stress,
we compared the estimation by the DRA with that by the
HFT. The SHmax azimuths obtained by the DRA agree well
with those by the HFT and the DITF. The stress magni-
tudes determined by the DRA are also consistent with those
by the HFT, as long as the difference in measurement depths
of two methods is small. These results imply that quality of
stress measurement by the DRA using core samples up to
4 years old is never worse than that by the HFT. As such,
the DRA can be one option for carrying out stress measure-
ments at less expense and time.
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