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On some problems of a method for shallow crustal stress orientation

measurement by using borehole deformation: Results of in-situ measurements

at AIST integrated groundwater observation stations, southwestern Japan
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Abstract: Measurements of in-situ stress orientations at shallow depths were conducted with a newly
developed method at three sites of the integrated borehole observation stations, southwestern Japan. A
principle of the method is to monitor creep deformation of a borehole just after drilling in an anisotropic
stress field. The orientation of the maximum horizontal compressive stress (S;;,..,) 1S determined from a
minor axis of a curve of cos20 fitted to a deformed shape of borehole cross section. The measurements
were successful at four depths at Toyota City, Aichi Prefecture, and at one depth for the other two sites at
Anan City (Tokushima Pref)) and Tsu City (Mie Pref.), respectively. At the site in Toyota City, the
orientations of Sy, are estimated at four depths as ESE-WNW, NNE-SSW and extensional stress field,
which show considerably large variations in the interval of only several meters. We thus cannot evaluate
an orientation of tectonic stress around this site from the measurement. As for the other two sites, Anan
City and Tsu City, both the data show the extension of the borehole radius in whole direction, i.e.,
tensional stress. However, only one data at the respective site does not seem to give a definitive
evaluation of the tectonic stress, because the stress orientations should inherently have certain variability
due to fractures or inhomogeneity of rock mass near the measurement points. We also discussed about
topography effects on the measurement results and some technical problems found during operations of
the new method.
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Table 1. Summary of site parameters and measurement results.

. Latitude |Longtiude Elevation Measurement SHmax Error of the [Flattening of the Remarks for . S.tress field
Site above sea ) . . ) ) imcomplete |indicated from
(N) (E) Depth (m) orientation orientation | fitted curve (%)
level (m) measuremen | measurement
13.40 N115.3°E 4.4° 1/81.0 - compressive
Toyota- 35°02’ 137°21’ 480 14.35 N10.3°E 2.7° 1/108.4 - compressive
Shinden | 29.23” 27.52” 15.72 _ _ _ _ tensional
16.55 N104.0°E 12.5° 1/150.0 - compressive
14.70 - — — — tensional
Anan- 33°51’: 134°3£3‘ 35 Borehole
Kuwano 57.59 16.51 18.16 _ _ _ water was _
muddy
Borehole
21.85 - - - water was -
muddy
Tsu-Anou ?g gg 1;?4254 162 Borehole
) ’ 23.85 - - - water was -
muddy
26.22 - — — — tensional

2k ARBREOHFEET VORERITE 2 T WIEE. (a) & BB, (b)

AT T 5 B ML

(c) HEZRH.

Table 2. Physical constants applied to each element of the finite element method. (a) for
the Toyota-Shinden site, (b) for the Anan-Kuwano site, (c¢) for the Tsu-Anou site.

(@)

Depth (km) Vp (km/s) | Poisson's ratio | Density (g/cm?)
0~0.025 3.0 0.25 2.6
0.025~0.2 4.0 0.25 2.7
0.2~1 45 0.25 2.7
1~2 5.0 0.25 2.7
2~4 5.5 0.25 2.7

(b)

Depth (km) Vp (km/s) Poisson's ratio | Density (g/cm3)
0~0.025 3.0 0.25 2.6
0.025~ 0.1 4.0 0.25 2.7
0.1~0.2 4.5 0.25 2.7
02~1 5.0 0.25 2.7
1~2 55 0.25 2.7
2~4 6.0 0.25 2.7

(c)

Depth (km) Vp (km/s) Poisson's ratio | Density (g/cma)
0~0.025 3.0 0.25 2.6
0.025~0.2 4.0 0.25 2.7
0.2~1 45 0.25 2.7
1~2 5.0 0.25 2.7
2~4 55 0.25 2.7
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Table 3. Stresses and the orientations of Sy, and Sy, at a depth of 17.5 m calculated from FEM models at 3 sites.
Site Szz (MPa) [SHmax* (MPa)| SHmin* (MPa)| SHmax orientaion
Toyota-Shinden 0.537 0.619 0.229 N120.0°E
Anan-Kuwano 0.464 0.226 0.169 N81.0°E
Tsu-Anou 0.510 0.445 0.171 N78.3°E

* Positive : compression

Cable

Control and
recording unit

Controller || Amplifier
- unit
v

PC for control and
data store

F1K. S HALHE OREER OREEH (2010) XV 5IA).

Fig. 1. System dlagram of a tool for stress orientation measurements (from Kiguchi et al., 2010).

132° 139°

2 XK. S AARE OALER. 14 S oBURlEER O 5 B, HIE L2 3 S 2R TRy, e Loz
0 OB A2 BALCRT.

Fig. 2. Locations of the sites for stress orientation measurements. Red dots indicating station name show the site locations
for the measurement. Black dots show the observation stations where the measurement was not conducted.
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(a) Toyota-Shinden site

a7n 123ideriuiiiraiiian

16.55m

TZAAS8TONI1 2345678001 23888 TRONI12348 070051 TEN7EIN1234¢E6TRMI1214887000 1224087

-

1470 m

(b) Anan-Kuwano site

(c) Tsu-Anou site * 26.22 m

FI3M. MIEEREMEO a7 FH, RENTAERE 27T, () SHMBHA GRERE @ 1340m, 1435m,
15.72m, 16.55m), (b) BlFEZEptm GRIEGREE : 1470 m), (o) HZefHA (GHIETRE : 26.22m).

Fig. 3. Photographs of core samples at measurement depths. Arrows indicate measurement depths. (a) for the Toyota-
Shinden site at a depth of 13.40 m, 14.35 m, 15.72 m and 16.55 m, (b) for the Anan-Kuwano site of 14.70 m, (c) for

the Tsu-Anou site of 26.22 m.
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(a) 1st-5th - 10th - 20th - 30th Laps (b) 1stLap

« istlap « istlap

+ S5thlap

[1] [1]
N N
64.0 b e 30 20th lap 64.0 0 — 1 *
£ 630 1 ) = 30thlap £ 630
E o E o
0 &0 0 &0
= 610 = 610
=} =}
600 600
59.0 59.0
| |
58.0 20 58.0 20
240 120 240 120
210 . 150 210 . 150
180 180
(c) 10th Lap (d) 30th Lap
==
[1] [1]
N N
o 330 30 40 330 30
E 63.0 E 63.0
E o } E o
%] JTTE S &0 0 60
= 810 St ¥ bl = 610
=} / « - E
600 ‘4 \\‘i : 600
59.0 { 1 59.0
| i 3 |
58.0 3 20 58.0 20
\ /
1
\" . :’
N
W ] &P ;
240 N S 0 . 120 240 120
210 . 150 210 . 150
180 180

F4K. S HMBH S OTE 13.40 m THIE L7 fLEDFFEEOF. () 1A, 58, 104, 20 A,
30 J& THIE L2 ALBEAZ TR TR R LTV S, (b) 18 H ORI, () 10/8H, (d) 304H.
ZOAT =TS DOEESOT =2 XTTERY, T RERBNI L2 EKT S,

Fig. 4. An example of original data of borehole shape measured at a depth of 13.40 m at Toyota-Shinden site. (a)
The data of the first, the 5th, the 10th, the 20th, and the 30th lap are overlaid. (b) data of the first lap, (c)
the 10th lap, (d) the 30th lap. The data are almost overlapped at the same points, indicating a good data
quality in this scale of the figure.
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()
Toyota-Shinden site e NS
depth : 13.40 m e N3OE
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e NBOE
L] N12DE
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— N30E-ave
— NGOE-ave
—— N120E-ave

Diameter variation (um)

-40 PR S A SHT G S S S S W s S s (N SH i S S St W e s W SO S SH G S

0 2 4 6 8 10 12 14
Time (hours)

0 20 40 60 80 100 120 140

Lap

H5 K. WEROFIFERORMZE L. HMPOERITUEROBI L 2R, (o) ZkkE, HEOMEZMILND 30°
ALY, (a) B EAEMIORE 1340 m.  (b) SHEMEBMAOERE 1435m. () X (b) D&MD 2K
BIOWE Z LR LIz, (d) S E B S ORE 15.72m. (e) B HEMEHUTORE 1655m. () K () D
D 2 R OPE 2R LI, (o) PFIREFHEOVREE 1470 m.  (h) HEZRHULOVRE 2622 m.

Fig. 5. Time variations of borehole diameters relative to the initial ones in the measurement. Solid lines indicate moving averages of
measurement data. Except (g), diameters for each 30 degrees orientation from N-S direction are plotted. (a) for the Toyota-
Shinden site of 13.40 m, (b) for the Toyota-Shinden site of 14.35 m, (c) for the magnified view of the first two hours in Fig.
(b), (d) for the Toyota-Shinden site of 15.72 m, (e) for the Toyota-Shinden site of 16.55 m, (f) for the magnified view of the
first two hours in Fig.(e), (g) for the Anan-Kuwano site of 14.70 m, (h) for the Tsu-Anou site of 26.22 m.
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Fig. 5. Continued.
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Fig. 5. Continued.
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Fig. 6. (a) Relative change of the borehole shape (red dots) at a depth of 13.40 m at Toyota-Shinden site.
Moving average for 10 degrees is applied to the data. (b) Sy, orientation (blue arrow) is determined
from the minor axis of the curve (blue) of cos20 fitted to the deformed shape. (c)—(g) The same results
as (a) for the other measurements. (c) and (e) show the orientation of Sy,.. (d), (f) and (g) indicate
tensional stress field, therefore direction of minor axis of fitted curve is showed as blue dotted line.
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VAT BRI, FHEDORDICHIEZNRIC K D& KREM T TH L.

Fig. 7. Sy Orientations (red bars) at Toyota-Shinden site. The orientations estimated at 3 depths are overlaid in the figure.
The length of the bar is (a) proportional to a parameter of flattening of the fitted curve and (b) inversely proportional
to a value of an error of the estimated orientation. A scale of flattening = 1/200 (%) and error = 6.0 (deg.) are shown

in the upper right. Black dotted line denotes theoretically calculated orientation of the maximum compressive stress
due to topography effect.
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(a) Toyota-Shinden site (b) Anan-Kuwano site

%8 M. AIRERIEIC RV HIEZ R A FI AT 2880 4 km M5 O A AR A TRd. HE, ARESR
IETROTZIRE 17.5 m (23B1F DHIBANRIC X 2 KFELIS OS2 R, T 2w T #5r Ok SIS
N OMEHENZ BT 5. (a) SHEREHA, (b) FIFSREHA, (o) HZRHIA.

Fig. 8. Region for the calculation of the FEM. The model size is 4 x 4 km, which is indicated as white square. Orientation
of the horizontal principal stress caused by gravitational effect of topography at a depth of 17.5 m is shown by

blue bar. The length of the bar is proportional to an absolute value of stress. (a) Toyota-Shinden site, (b) Anan-
Kuwano site, (¢) Tsu-Anou site.
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(a) Toyota-Shinden site (b) Anan-Kuwano site

XN

(c) Tsu-Anou site

FHOM. WIEDREFHET DO ORMEREDET V. AIEMAEZBITRT. (a) B HPEHL,
(b) FFEZEFHAL, () HEZRHILA.

Fig. 9. Model of the FEM for calculation of topography effect. Closed dot indicates the position of measuring
site. (a) Toyota-Shinden site, (b) Anan-Kuwano site, (¢) Tsu-Anou site.
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(@) Sxx (b) Sy
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JEIMED S 2=, IEOMIIERE 2 BEW%T 5. (a) Sxx (FEIS D x if5), (b) Syy (I
IS SOy pk5y), (¢) Sxy (FAWISIIO xy B%sy).

Fig. 10. Results of the calculated stresses of the topography effect at a depth of 17.5 m from surface for
Toyota-Shinden site. Positive value means compression. (a) Sxx, (b) Syy, (c) Sxy.
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Fig. 11. 7500 data of radius measured in the azimuth between N4°E and N5.5°E at a depth of 23.85 m at
Tsu-Anou site. (a) for the second lap, (b) for the 4th lap, (c)for the 6th lap, (d) for the 8th lap.
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