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Orientations of permeable fractures in borehole and their relation to in-situ stress
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Abstract: We have examined a relation between the orientations of permeable fractures and the state of
in-situ stress by combining various kinds of borehole measurements conducted during drilling three
boreholes at AIST observation station in Niithama, Ehime Prefecture, southwestern Japan in order to
better understand the condition that control the existence of permeable fractures at hard rock site. We
detected the depths of permeable fractures intersecting the borehole by using data of hydrophone VSP,
sonic logging and fluid electric conductivity logging. The orientations of permeable fractures at 18
depths were determined from the borehole wall images obtained by borehole televiewer (BHTV). The
orientations of permeable fractures are not localized in any direction but rather dispersed, having no
correlation with the current stress field estimated from hydraulic fracturing technique. It is noted that for
all 3,893 fractures, including non-permeable ones, detected from BHTV images, the strikes of the
fractures show a tendency to concentrate around ENE-WSW, almost perpendicular to the orientation of
maximum horizontal compressive stress, although the reason is unclear.
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Table 1. Summary of the depths of the permeable fractures detected by hydrophone VSP, sonic logging and fluid electric
conductivity logging in three boreholes at Nithama-Kuroshima station, and the depth, dip direction and dip angle of
the permeable fractures determined by using BHTV images. Both of the depths where more than two orientations
were determined and those where no orientation was determined are included in the table. *1: Clockwise from north.

BoreholeTeleviewer (BHTV)
Depth (m) by
Hole VSP and .
loggings Dip
Depth (m) | direction | Dip (deg.)
(deg.) "1
3 33.4 33.71 148 44
3 35.2 - - -
2 68.0 68.30 346 82
2 85.0 85.23 86 43
128.50 51 60
2 130.0
129.36 57 60
2 138.2 138.32 102 74
2 172.0 172.22 49 74
1 2044 204.53 189 61
1 217.7 217.66 161 75
1 2773 277.34 213 69
1 295.7 295.91 161 68
296.49 151 65
1 297.0 296.54 331 65
296.92 150 52
328.56 250 77
1 329.7
329.70 1 62
1 3424 342.27 259 77
360.07 277 83
1 360.4 361.63 238 66
361.71 219 63
1 433.7 432.76 69 67
491.38 115 58
1 491.8 491.74 165 49
491.95 141 46
1 511.7 512.01 125 83
521.53 307 82
1 523.0
521.97 117 86
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Niihama-KurosI'!ima Station
Niihama-Kuroshima | 33°N
Station

Sedimentary
rock

Alternated sandstone
and mudstone

Pelitic schist

1. PERBAR AT OB E R B ESBINOMER. 20 40 1 BAY — ALV AHE M (FEESTR A LT,
2015) RIZARATRY. A ERICHEEREEH RSO M P KSR S BRI Z AL TR,

Fig. 1. Location of AIST Niithama-Kuroshima observation station in Ehime Prefecture, southwestern Japan based on Seamless digital
geological map of Japan 1: 200,000 (Geological Survey of Japan, AIST (ed.), 2015). The station is indicated by a red circle.

AIST integrated groundwater observation stations except Nithama-Kuroshima station are also shown in the upper right of the
figure by open dots.

(a) (b) (c)
Hole-2 | Hole-2 Hole-1
( |
| ~ |
193.00m | ( l— 198.00m |- ( 7 394.95m |-

S65E N23E

NOE

B2 K. KL X0 FLEEIC AR S UM A TR © L-Rigko Bl (EEIEhy, 2018 I2—HNE) . &SRO LEED T
AraRHIcRd. (@) FL2%E 193 m. (b) FL2 ¥R 198 m. () FL 1R 395 m.
Fig. 2. Typical examples of fracture imprints at the depths where hydraulic fracturing technique was conducted (modified from Sato et

al., 2018). The azimuth is shown at the left end of each figure. (a) Depth of 193 m at Hole-2. (b) Depth of 198 m at Hole-2. (c)
Depth of 395 m at Hole-1.
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Fig. 3. Stress state at Nithama station obtained by using hydraulic fracturing technique. (a) Maximum (red circle) and minimum (blue
square) horizontal compressive stresses as a function of depth. The black line indicates the overburden stress estimated assuming
the density is 2.67 g/cm’. The red broken line and the blue one are obtained by linearly approximating the values of the
maximum and minimum horizontal compressive stress, respectively. (b) Depth distribution of orientations of maximum
horizontal compressive stress indicated by black circles. The averaged orientation is denoted by black broken line. The asterisks
indicate the measurements where the vertical fracture imprints induced by hydraulic fracturing technique are relatively clear.
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Fig. 4. Repeatedly measured data of fluid electric conductivity logging. (a) Hole-1. (b) Enlarged range of low electrical
conductivity values at Hole-1. (¢) Hole-2. (d) Hole-3.
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Fig. 4. (continued)
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Fig. 5. Results of sonic logging, fluid electric conductivity logging and hydrophone VSP. Red arrows indicate the depths of the
permeable fractures detected by sonic logging and hydrophone VSP, respectively. (a) Hole-1. (b) Hole-2.
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Fig. 6. Depth profiles of logging data. Plotted from left to right are borehole diameter measured by caliper logging, velocity of P wave
by sonic logging, VDL and frequency spectrum from sonic logging, travel time and amplitude images of BHTV and electric
conductivity. (a) Hole-1. (b) Hole-2. (c) Hole-3.
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Fig. 6. (continued)
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Fig. 7. BHTV images around the depth detected by using data of hydrophone VSP, sonic and fluid electric conductivity loggings
and shapes and orientations of fractures in BHTV images. From the column on the left, depth, travel time and amplitude
images of BHTV, fracture shape indicated as sinusoidal curve and arrow plot for dip direction and dip angle of the
fracture are shown. The position of the arrow’s head and the direction of arrow indicate dip angle and dip direction,
respectively. The black bar shows the depth interval where sonic logging or fluid electric conductivity logging detects
anomaly. (a) Depth of 33.4 m at Hole-3. (b) Depth of 35.2 m at Hole-3. (c) Depth of 68.0 m at Hole-2. (d) Depth of 85.0
m at Hole-2. (e) Depth of 130.0 m at Hole-2. (f) Depth of 138.2 m at Hole-2. (g) Depth of 172.0 m at Hole-2. (h) Depth
0f 204.4 m at Hole-1. (i) Depth of 217.7 m at Hole-1. (j) Depth of 277.3 m at Hole-1. (k) Depth of 295.7 m and 297.0 m
at Hole-1. (1) Depth of 329.7 m at Hole-1. (m) Depth of 342.4 m at Hole-1. (n) Depth of 360.4 m at Hole-1. (0) Depth of
433.7 m at Hole-1. (p) Depth of 491.8 m at Hole-1. (q) Depth of 511.7 m at Hole-1. (r) Depth of 523.0 m at Hole-1.
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Fig. 8. Distributions of the orientations for all fractures detected by using BHTV images. Orientation of maximum horizontal
compressive stress is shown as red arrow. (a) Lower-hemisphere equal-area projection of the poles to fracture planes. (b)
Contour for the distribution of the poles. (¢) Rose diagram representing a histogram of the strike of the fractures.
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Fig. 9. The same as Fig.8 for the permeable fractures.
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Fig. 10. Rose diagram representing a histogram of the strike of the permeable fractures in case that the reciprocal of the number of the
orientations of permeable fractures at each depth are weighted.
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Fig. 11. Depth distribution of strikes of the permeable fractures. The red triangles indicate the strikes of the permeable fractures. The triangles
with an asterisk denote that electric conductivity logging also showed relatively large anomaly at the depths of the fractures. The
orientations of maximum horizontal compressive stress and the averaged orientation are also shown by black circles and black

broken line, respectively. The asterisks indicate the measurements where the vertical fracture imprints induced by hydraulic
fracturing technique are relatively clear.
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