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In-Situ Stress Determinations by Hydraulic Fracturing in Deep
Inclined Boreholes for the Design of Underground Oil Storages
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Abstract

Hydraulic fracturing tests were performed in two inclined boreholes for the design of underground
oil storages in Korea. Extensions of their application limits were expected through a precise
comparison between the interpretation techniques for the vertical and the inclined boreholes.
Especially, it was verified that the magnitude of in-situ stress can be varied even in the same rock
mass with a variety of geographic/geotechnical characteristics. It was also demonstrated that its
orientation can be changed even in the same borehole with the existence of explicit discontinuities.
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Inclined | Elevation Pore " Vert1c:21)1 Horizontal | Horizontal K
Pressure Stress on
depth Stress Stress sy
(m) m) (Po) (o) (60 (ox) K, Kn direction
(MPa) (MPa) h H;
(MPa) (MPa) (ow 0v) (onf 6,)
AO-2 borehole
193.0 93.6 1.34 4.90 4.02 5.21 0.82 1.06 55°+5°
220.0 68.3 1.60 5.58 4.20 4.72 0.75 0.85 80°+5°
230.5 58.4 1.70 5.85 4.14 4.33 0.71 0.74 60°+5°
243.0 46.7 1.81 6.17 4.68 6.19 0.76 1.00 N.A
260.0 30.7 1.97 6.60 4.67 5.78 0.71 0.88 N.A
272.0 19.4 2.09 6.90 3.35 3.33 -4 - reopening
283.5 8.6 2.19 7.19 4.79 542 0.67 0.75 N.A
287.0 53 2.23 7.28 4.75 6.98 0.65 0.96 72°+3°
AO-8 borehole
75.0 54.5 0.47 1.90 3.02 4.60 1.59 2.42 45°+£3°
97.0 33.8 0.67 2.46 4.30 7.44 1.75 3.02 45°+5°
103.5 27.7 0.74 2.63 3.27 4.80 1.24 1.83 N.A
116.5 15.5 0.86 2.96 4.71 7.89 1.59 2.67 60°1£10°
124.5 8.0 0.93 3.16 3.97 6.48 1.26 2.05 N.A
145.0 -11.3 1.12 3.68 9.41 16.74 2.56” 4.55% 60°£8°
152.0 -17.8 1.19 3.86 7.98 14.96 2.07 3.88 N.A
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¥ 4 AMS SHall Mol Aest FHAR

Inclined | Elevation Pressure data Hole orientation” Fracture orientation”
depth P, P, P;
@ | | o) T(MPa) ey | © § ’ i
AO-2 borehole
193.0 93.6 1.34 5.49 4.02 180° 20° 125° 145°
220.0 68.3 1.60 6.29 4.20 180° 20° 100° 170°
2305 58.4 1.70 6.39 4.14 180° 20° 120° 150°
2430 46.7 1.81 6.03 4.68 180° 20° 120°(D) 150°(7)
260.0 30.7 1.97 6.25 4.67 180° 20° 120°(D) 150°(7)
272.0 19.4 2.09 4.63 3.35 180° 20° 2 2
283.5 8.6 2.19 6.75 479 180° 20° 108°(7) 162°(7)
287.0 53 2.23 5.03 4.75 180° 20° 108° 162°
AO-8 borehole
75.0 54.5 0.47 3.99 3.03 160° 20° 115° 155°
97.0 33.8 0.67 4.79 431 160° 20° 115° 155°
103.5 27.7 0.74 4.27 3.28 160° 20° 115°(?) 155°(7)
116.5 15.5 0.86 5.38 4.72 160° 20° 100° 170°
124.5 8.0 0.93 4.50 3.97 160° 20° 100°(D) 170°(7)
145.0 -11.3 1.13 1037° 9.427 160° 20° 100° 170°
152.0 -17.8 1.19 7.79 7.99 160° 20° 100°(7) 170°(D
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# 5. 3AS S™aiMol ogt setupy Sejsliy ZatE

[Iclin ed Elevatic]venical Stress Mm Max
depth (o) Horizontal Horizontal K, Ky On
(m) (m) Stress ( 6w) Stress ( On) (on/0) (on /o) direction
(MPa) (MPa) (MPa)
AO-2 borehole
193.0 93.6 490 3.94 5.24 0.81 1.07 55°
2200 68.3 5.58 4,02 471 0.72 0.84 80°
230.5 584 5.85 3.98 428 0.68 0.73 60°
243.0 46.7 6.17 4.54 6.20 0.74 1.01 60°(7)
260.0 30.7 6.60 448 5.77 0.68 0.87 60°(7)
272.0 19.4 6.90 293 3.29 b -V b
283.5 8.6 7.19 4.51 541 0.63 0.75 72°()
287.0 53 7.28 4.45 6.99 0.61 0.96 72°
AO-8 borehole
75.0 54.5 1.90 3.15 4.68 1.66 2.46 45°
97.0 33.8 2.46 4.50 7.56 1.83 3.07 45°
103.5 27.7 2.63 3.35 4.87 1.28 1.85 45°(7)
116.5 15.5 2.96 : 4.95 7.94 1.67 2.69 60°
124.5 8.0 3.16 4,07 6.48 1.29 2.05 60°(7)
145.0 -113 3.68 10.15? 16.80% 2.76? 4577 60°
152.0 -17.8 3.86 8.52 15.03 221 3.90 60°(?)
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ZTujche -335.0 9.1 5.6 75 0.62 0.82
AO-8F
AR -155.0 42 7.0 12.4 1.67 2.95
AT -170.0 4.6 7.6 13.8 1.65 3.00
ZEnjehE -185.0 5.0 8.4 152 1.68 3.04
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0,=(121.12— EL)/21.56 (MPa)
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No. (m) (m) (MPa) (MPa) (MPa) direction*
58.8 +2.05 1.6 - - - -
75.8 -14.95 2.0 2.0 3.2 0.0 0.0 50
86.7 25.85 2.3 - - I - -
B-1 Eip sl
91.4 -30.55 24 4.1 7.8 Al 33 40
95.3 -34.45 2.6 5.2 12.0 1.7 32 0
106.0 -45.15 2.8 8.2 15.9 2.0 5.7 -3
75.0 +18.07 2.0 2.8 2.8 1.4 1.4 -
94.1 -1.03 2.5 5.0 6.1 2.0 24 45
B-12 106.7 -13.63 2.9 34 4.9 1.2 1.7 76
110.1 -17.03 3.0 4.7 7.6 1.6 2.5 144
1162 -23.13 3.1 - - - - 84
131.2 -38.13 35 - - - - -
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164.5 -9.06 4.4 4.0 - 0.9 - -
185.9 -30.46 5.0 5.0 6.9 1.0 14 69
| 210.8 -55.36 5.6 4.5 - 0.8 - -
T HOFEEeRe g A5onTe AAvEeRe] A%

BEMMTREERE 203



& Adeld 3" AAE 83l IR
of ¥ Bl AAE F¥sleiof & lojrt

E 9. 7|1E 7|XI2 £7t Z|x|ol Ml el 7|23 sl

M3 vl

T+ & 71& 7]1%] 27} 7]2]
A2zad | B1 [ B-12 | YB2 | AO2 | AO-8
TN

° 40 | 20 | 17 | 085 | 2.95
ZA T

i3 o . . . .
= o ulu N22°E | N87°E | N83°E | N67°E | N53°E

8. &2 =

00F7M|&7|A] AEE 913t Elde] AA

B4 F ke 27183 E A Sl ®

2 U 270 A["ollM 70° FAR AT it

2 ftuiafago] AAlg gt
Ed7Ee =52 4 AxeddA Al gAY

AtgQl "Xt 27]-8¥S AFsty] ¢lstod

FIEl Sotubai e e, st @it W

AR HAE Hsl S 7iedle] o

3 TEoR 43 Fuf A Aleloln, £3] 100m

olae] tiAE ZBARgol cigt sjdoigicie A

ofl A 27} Fxct +PANE aodshE v

Zrth :

1) AO-8332 H|&71A] B 770 s
m, AO-23-Z B4 FA4l4ol siEHct F
AFF BF AFAET) B dBAES &
n]x]51 glo] Eld AEof cigt ¢ite] 271§
¥ 532 A Aol A2 73 2 8
Y ARE A4, HolHY S8 S3S
310 371849 AFEE EoliAt =Y
3ttt

2) $2gol ozt si71 gzt FARgel tidt &)
A718E 247 83 A3, dx YRt $Y%
o] s Azlolls AL Aol7} gl ZLe=
sz om, o]= Haimson(1996)o] ¥tgl u}

204 M 15% #4A5% - 19994 87

of o] A]FF2] B 17} 70° ol s
2 Fo] ozt siN7HE A= Felrt ol
The d7dzete #3=a ok

3) B R siM7IEE H83tde B AT
T AFUEE 71E0E, A023Y F¥
N67°E W3ro 2 oF 7.0~7.5MPa®] i<
BF-gYo] L33 9lom, N23°W U3k
2 oF 53~5.6MPa] FHA4HELHo] =2}
2313 e AeE FFFHACEL ET AO-8
o] 79 N53°E W3o g oF 12.4~15.2 MPa

o] Hu|4+BF-§Yol, N37°W Hgoeg of

7.0~8.4 MPa?] #A4WRELIHo] L3l

o

4) AO-8ES] % AlFZAL} HelRol WAL
E30 EL +20m H-ZojA] N6O°E H}3ke] mjaj
ti7t B2pstar gl&o] HA= e, of
o BMIEE JIEeE A FHusd
zgeo) wiato] 717} N45°EQ} N6O°EE. &
BEo 2N UYL AFFof ofsiActe F
At F2AAYE EAGH] glg BT o]
of 2lgt dgroz 2I|EHAJe|rt W +
drhe AMdE FEY 4 ATt

5 HddBd =M AT A0-2FY
732 0.65~0.85, AO-8Z2] 79 1.68~3.04
2 AxE ek o]} o] F AFFol|Ae)
EA4AFZre] 2A Hohvks A2 AP % A
AHQ Lo 7)isks Ao yiekHT
Z, AO-233} AO-83°] FUTH masstioll 9}
T s A023e UXE ARFes
N2E WYslEA 39 ARe) FAY A
7t 9 ol 9842 itk whEo] AO-8F
o] 79 JHuE Yol &3la glem, 2|3
Aoz e PAUZFA T SIABLL Qo] o]
of &Jgt g3go] IAA LT Ao ARH
t}. ol 7hukE Atefx|Pol A S&FE A
A%t Az} vl2d FAlsTE A vERe



ZA8ko] Qltl= Amadei®} Stephansson(1997)
o] d7Azpets F3E gick

6) 71& 71X} F71 ui&7|=olA F3"
A B AE w2y A3}, F AY2 uE
Aol A3 AR, A= THE 27]-89
ezt FdEo] gl 2o g ikt ulel
A A2 2o el et= ot U 27128
@30l tiEA Uehd 471 3ol Yz
28 F7MI&7)A] dA Aole £ AHolA
538 ZIE Ll YA 75
+ B4 AAE F3slojo} & Zojrt

ita}

t3 23

Mo

1. 24§, ol3Z (1995), “UFeRE 2T ¢
uls] d-de] WA okl I A, ghFoliz e}
2z, /Y2 x]5FRzE ASH, A3Z, pp. 251~265.

2. 55%5-%, 2438, o3 (199), “BAH Aol
25t U] ApRsie-g FAZE AN o
g, g RReRR| Bl dzf A5FRZE A6,
A|3%, pp. 209~222.

3. 3788 (1997), “HA| gt 27|A]4e] BXEY o
ehteldd Aol A8, ShFeHbEele] EY

2} x]5kg-Zh ATH, A4Z, pp. 323~333

4.Korea Power Engineering Company, Inc. (1990),
Hydraulic Fracturing Stress Mea- surements at --,
--, -~ Korea, p. 75.

5.Aggson, J. R. and Kim, K. (1987), “Analysis of
Hydraulic Fracturing Pressure Histories : A
Comparison of Five Methods used to Identify Shut-
in Pressure”, Int. J. Rock Mech. Min. Sci. &
Geomech. Abstr., Vol. 24, No. 1, pp. 75~80.

6. Amadei, B. and Stephansson, O. (1997), Rock
Stress and Its Measurement, Chapman & Hall, p.
490.

7.Haimson, B. C. (1988), “Current Hydraulic Frac-
turing Interpretation, How Correctly does it esti-
mate the Maximum Horizontal Crustal Stress?”,
Tran. Am. Geophys., Vol. 69, pp. 1454,

8. Haimson, B. C. (1996), “Can Inclined Exploratory
Boreholes be used for In Situ Stress Measure-
ments? A Review of Three Case Histories”, Proc.
of Eurock ’96, p. 403~409.

9. Hubbert, M. K. and Willis, D. G. (1957), “Mecha-
nics of Hydraulic Fracturing”, Tran. AIME, Vol.
210, pp. 153~163.

10. Ljunggren, C. and Nordlund, E. (1990), “A Method
to Determine the Orientation of the Horizontal
In-situ Stresses from Hydrofracturing Measure-
ments in Inclined Boreholes”, Ph.D. Thesis, Lulea
University.

(F4Y=A 1998. 3. 31)

Ha TRAME 205



