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Orientations of permeable fractures detected by borehole measurements and

their relation to in-situ stress at AIST observation borehole in Nishio, Aichi
Prefecture, central Japan
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Abstract: We examined a relationship between the orientations of permeable fractures and the state of
in-situ stress to our understanding of the conditions that control the presence of subsurface permeable
fractures at hard rock site in three boreholes at AIST observation station in Nishio, Aichi Prefecture.
Hydraulic fracturing stress measurements showed the present-day stress field at Nishio station to be a
reverse fault type with NNE-trending maximum horizontal stress. Combinational use of fluid electric
conductivity loggings, sonic loggings and hydrophone VSPs in three boreholes were able to detect the
depths of permeable fractures. Forty-two orientations of permeable fractures at the detected depths were
determined from the borehole wall images obtained by borehole televiewer logging. We showed that the
orientations of the permeable fractures tend to be distributed rather dispersively, while a relatively large
number of the orientations are oblique to the stress orientation at 40 degrees or more. As a result of
detailed comparison with the fracture orientation and both of a shear and tensile fracture model, it is
likely difficult to explain this characteristic orientation of the permeable fractures in a relation to the
current stress state.
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Table 1. Summary of the depths of the permeable fractures detected by fluid electric conductivity logging, sonic logging and
hydrophone VSP in three boreholes at Nishio-Zenmyo station, depth interval of the permeable zone, and the depth, dip
direction and dip angle of the permeable fractures determined by using BHTV images. Both of the depths where
multiple orientations were determined and those where no orientation was determined are included in the table. *1:
Depth detected by fluid electric conductivity logging. *2: Depth detected by both of sonic logging and hydrophone
VSP. *3: Depth interval determined from anomalies of Stoneley wave. *4: Depth interval determined by using fluid
electric conductivity log. *5: Clockwise from north.

Depth detected | Depth interval of Borehole Televiewer (BHTV) Depth detected | Depth interval of Borehole Televiewer (BHTV)
Hole | by loggings and | permeable zone Denth (m) Dip direction| Dip Hole | by loggings and | permeable zone Deoth (m) Dip direction| Dip
e m e m
VSP (m) (m) P (deg) *5 | (deg.) VSP (m) (m) P (deg.) *5 | (deg.)
30.87 313 54 1 252.7 *1,2| 252.2-253.2 *3 - - -
3 31.2 *1 30.7-31.7 *4 30.98 345 62 256.68 163 67
31.34 341 58 1 256.6 *1 256.3-257.2 *3 256.97 215 66
35.66 163 47 257.09 199 62
3 35.7 *1 35.2-36.2 *4
36.07 178 64 262.29 225 28
62.35 143 42 1 262.2 *1 262.0 - 263.4 *3 262.50 178 56
2 62.8 *2 62.1-635 *3 62.50 209 59 262.86 170 65
62.56 194 56 270.27 190 60
1 270.1 *2 269.8-270.7 *3
2 80.4 *1 79.9-80.9 *4 79.96 224 73 270.33 194 64
2 81.8 *1 81.3-82.3 *4 - - - 1 290.0 *1 290.0 -290.8 *3 290.40 213 59
89.95 158 30 295.85 23 73
2 89.9 *2 89.6-90.4 *3 90.03 5 47 1 295.9 *1 295.8 -296.7 *3 296.41 344 65
90.17 87 72 296.48 348 64
2 100.3 *1,2| 99.6-100.5 *3 99.92 245 54 1 313.8 *1 313.3-314.3 *4 - - -
2 120.7 *1 120.6 -121.5 *3 - - - 393.96 88 43
1 393.6 *1,2]393.6-394.9 *3
133.63 4 60 394.45 7 71
2 133.3 *1 133.2-133.9 *3
133.71 6 63 1 401.8 *1,2| 401.0-401.8 *3 401.17 82 60
154. 2 1 480.1 2
2 1549 *1,2| 154.6 - 155.3 *3 54.80 59 6 80.15 59 53
155.22 186 51 1 480.7 *2 480.1-481.0 *3 480.36 259 43
168.60 221 47 480.62 251 49
2 169.3 *2 168.2-169.6 *3 169.32 174 1 7. 4 7
69.3 3 1 537.7 *2 537.2-538.2 *3 537.58 3 0
169.45 210 58 537.99 50 66
2 202.9 *2 202.1-203.4 *3 202.33 20 E
202.70 352 69
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Fig. 1. Location of AIST Nishio-Zenmyo observation station in Aichi Prefecture plotted on the Seamless digital
geological map of Japan 1: 200,000 (Geological Survey of Japan, AIST (ed.), 2015). Nishio-Zenmyo observation
station and other AIST integrated groundwater observation stations are also shown in inset figure with red and
open circles, respectively.
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Fig. 2. Typical examples of fracture imprints at the depths where hydraulic fracturing stress measurement
was conducted (modified from Kitagawa et al., 2019). The azimuth is shown at the left end of each
figure. (a) Depth of 386.80 m at Hole-1. (b) Depth of 472.20 m at Hole-1.
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Fig. 3. Stress state at Nishio station obtained by using hydraulic fracturing stress measurement. (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 2.64 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.
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Fig. 4. Repeatedly measured data of fluid electric conductivity logging. (a) Hole-3. (b) Hole-2. (c) Hole-1.
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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 each data. (a) Hole-2. (b) Hole-1.
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Fig. 6. BHTV images around the depth detected by using data of fluid electric conductivity logging, sonic logging and

hydrophone VSP, and shapes and orientations of fractures in the images. From the column on the left, depth, travel
time and amplitude images of BHTYV, fracture shape indicated as sinusoidal curve and arrow plots for dip direction
and dip angle of the fractures 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 interval of permeable zone. (a) Depth of 290.0 m at
Hole-1. (b) Depth of 133.3 m at Hole-2. (c¢) Depth of 393.6 m at Hole-1. (d) Depth of 31.2 m at Hole-3. (e) Depth
of 35.7 m at Hole-3. (f) Depth of 62.8 m at Hole-2. (g) Depth of 80.4 m at Hole-2. (h) Depth of 81.8 m at Hole-2.
(1) Depth of 89.9 m at Hole-2. (j) Depth of 100.3 m at Hole-2. (k) Depth of 120.7 m at Hole-2. (1) Depth of 154.9
m at Hole-2. (m) Depth of 169.3 m at Hole-2. (n) Depth of 202.9 m at Hole-2. (0) Depth of 252.7 m at Hole-1. (p)
Depth of 256.6 m at Hole-1. (q) Depth of 262.2 m at Hole-1. (r) Depth of 270.1 m at Hole-1. (s) Depth of 295.9 m
at Hole-1. (t) Depth of 313.8 m at Hole-1. (u) Depth of 401.8 m at Hole-1. (v) Depth of 480.7 m at Hole-1. (w)
Depth of 537.7 m at Hole-1.
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Fig. 6. (continued)
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Fig. 6. (continued)
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Fig. 6. (continued)

52




FLIENIE TR U 723 KPR D J510) LIS 15 O BALR « PERSAIT PG 2 2 B BLIN AR O R R

(p) Hole-1 256.6m (q) Hole-1 262.2m

Depth (m) Travel Time Amg\ilude Fracture - Arrow Plot Depth (m) Travel Time Amﬁlitude Fracture - Arrow Plot
0" 90° 1807 270° 0" ' 80° e0' 270° O 0° 80° 180° 270° 0 0 ; ) 0" 500 1807 2707 0° o' o' w0t 270° O 0 ' 180° 270° O 0 20
- - e .
~—]
11 gl oA | [l 1
~— 0
= \.- B g A
256 -~ . = ol i
y
AN
il i Sallll
— 49
i o
. | e L 5t
257 —4 : :-
°
iy s 264 — i
4 T 3
Sl =] I
258 el .\ P/
() Hole-1 270.1m (s) Hole-1 295.9m
Depth (m) Travel Time Amﬁlilude Fracture - Arrow Plot Depth (m) Travel Time Amﬁlitude Fracture _ Arrow Plot
0" 90" 160" ZT0" 0 _0° 90" _180° 270" 00 90' 180° 270° 0 0 %0 0" 90" 180" 2000 0 0 $0' 10 270° O 0 90° 180° 2007 O 0 _ 20
— Y o = r
%9 5 * 1
r p
9 3 i
[
ﬂ' 205 : L
270
L
~ d
[ N b,
:
K. 206 :
m f
U [l § rig
ey L L]
; LTt ]
e o
Py
b
207 p
E
(t) Hole-1 313.8m (u) Hole-1 401.8m
Depth (m) Travel Time Amglitude Fracture _ Arrow Plot Depth (m) Travel Time Amalilude Fracture - Arrow Plot ‘]
0" 50° 180" 270" O° 0 00 180° 270° O 0 0° 180° 270° O' 0 %0 0" 90° 180" 270" 0' 0 S0' 180' 270° O0° 0° ' 180° 270" O' 0 4 0|
400
312 ~ .1
o
s
i
401 g
313
I (s
e L
a Y
- e 02 :
®
ik log s
" o
L LY
T
315
E
o

For. (hix)
Fig. 6. (continued)
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Fig. 7. Distributions of the orientations for all fractures obtained 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. (c) Rose diagram representing a histogram of the strike of the fractures.

(a) (b) ()
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Fig.8. Distributions of the orientations for permeable fractures. (a)~(c) The same as Fig. 7. (a), (b) Black dot: Fracture detected by
fluid electric conductivity logging, sonic logging and hydrophone VSP. Red triangle: Fracture detected by fluid electric
conductivity logging. Blue diamond: Fracture detected by sonic logging and hydrophone VSP. (d) 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. 9. Stereo plots of slip tendency and dilation tendency calculated using stress state estimated by hydraulic fracturing
stress measurement. The orientations of the permeable fractures or all fractures are shown in each plot. The color
classification of the permeable fractures is the same as Fig.8. (a) Overlay of slip tendency and permeable fractures.
(b) Overlay of dilation tendency and permeable fractures. (c) Overlay of slip tendency and all fractures. (d)
Overlay of dilation tendency and all fractures.
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Fig.10. Three-dimensional Mohr diagram with the normal and shear stresses acting on a fracture plane. The horizontal and vertical
axes correspond to the normal stress after removal of the pore pressure and the shear stress normalized by overburden stress,
respectively. The black straight line indicate the Mohr Coulomb failure line under the condition of x = 0.6. Red dots in the
figures are shown as the stress state of (a) permeable fractures and (b) all fractures, respectively.
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Fig. 11. Depth distribution of strikes of the permeable fractures. The black dots, red triangles and
blue diamonds indicate the strikes of the permeable fractures. The color classification is the
same as Fig. 8. The orientations of maximum horizontal compressive stress and the
averaged orientation are also shown by green squares and green broken line, respectively.
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Fig. 12. Depth distributions of the fracture characteristics. (a) Frequency of all fractures at 10 m interval. (b) Strike of
fractures. (c) Dip angle of fractures. (d) Slip tendency. (e) Dilation tendency. (a) The color classification is the

same as the fractures in Fig.6. (b)~(e) The gray dots indicate all fractures. The black dots, red triangles and
blue diamonds indicate the permeable fractures. The color classification is the same as Fig. 8.
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