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Stability Analysis for the Pohang Deep Geothermal Borehole
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Abstract: This paper presents the analysis about the stability of the Pohang deep geothermal borehole drilled in 2006.
Severe wellbore instability problems such as collapse and tight hole occurred in weak rocks while drilling. Optimal mud
pressure (mud window) required to prevent instability problems during drilling is obtained from analysis on in-situ stress
and rock strength. The window is bounded by vertical stress in its upper limit and by either collapse pressure or pore
pressure in its lower limit. Mud window varies with different types of rocks. In the top-most semi-consolidated mudstone
formation, no mud window can secure borehole stability. In some weak rock types (basic dyke and crystal tuff), the
borehole pressure needs to be higher by 50 ~60 % than hydrostatic pressure. That means a mud density of 1.5 g/cm’
or higher should be applied during drilling in order to prevent excessive collapse around the borehole.

Keywords: in-situ stress, rock strength, wellbore stability, mud window
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Fig. 1. Lithology, geophysical well logs and mud density log used for the borehole BH-4 in the study. Solid straight line in caliper log indicates

the drill bit size.
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Fig. 2. Schematic diagrams of wellbore breakout and hydro-
fracturing inside a borehole. Optimal mud window is a pressure
range between the collapse pressure, the lower bound pressure that
prevents excess breakouts (a) and the hydrofracturing pressure that
can be conservatively estimated from far-field minimum principal
stress (b).
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Data in A, B, C and D are from the corresponding regional groups shown in Fig. 2.
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Table 1. Results of triaxial compression tests in semi-consolidated mudstone in borehole BH-1.

Dry Confining Pore Effective
Group sz‘xg‘l:r D(fg)th density pressure pressure confining pressure Sg\ir]f)h
(gfem®) (MPa) (MPa) (MPa)
A-l 1132 1.6 0.60 0.55 0.05 1.53
A A2 1185 1.6 0.70 0.18 0.52 1.61
A-3 1185 1.6 0.78 0.01 0.77 4.09
B-1 155.5 1.8 041 0.26 0.15 0.99
B B-2 165.0 1.8 0.79 0.21 0.58 343
B-3 165.1 18 0.9 0.00 0.99 245
C-1 289.6 2.7 0.40 0.21 0.19 17.80
C C2 2924 1.9 0.80 0.32 0.48 2.68
C3 2934 20 0.99 0.00 0.99 4.04
o] S8 Aelg 1] Y8l Zstele] ¢k A g Table 2(.1 Sgisn;ii P wave velo;ities and.rock stliength constants
- measure y ia oratory expenments using roc specimens 1
220k Ao X 220k 2 Zu}
FaTHS TR Al & 7¥ek el S borehole BH-1 (after Song et al., 2005).
oz g=o AlF Qo 2F u} ook Alg
= 58 Thlel 48 & gakich W ol Ale —— o -
AHE AEel wet Al 2F(A, B, OO UrolRa 48 &y number  (m)  (km) (MPa) (deg)
FEET= RE AF 0.3 mmy/min®] ZALE FojHc) 2 Lapilli tuff 1 438 2.28 59
AR dal 285 APz AS A3E Table 19 714890 Lapilli tuff 2 443 363 73
Table 19 7121 o|¢te] A= A=rt Zojgol wat thx Lapilli tuff 3 449 464 139
EFRE R T UG o F CLIANEEEE WA A . 4-1 241 9 438
Basic dyke 858 ~ 860
X grol AVAIA =ob A Biard olgdellA & 4 Sle 41 3.26 21 438
= Az W A0R oA PR EA A AHQA] 31 4534 166 417
Zch, Sand & mudstone 52 884~87 354 158 417
FETFELEEYT FFFYY 2ol g A A E 3-3 437 150 417
Fig. 5] LAJEQT) AEQtEAE S By 9L s s 6-1 1.76 20 473
kel H4bg MOAT, FEATFEYe) S we} sy S GTmee 02 WL LA
AR S7heke e BT B3 Axd) e ARE 2 7 TRt EYE
of gt e} Aoj7h HolA] gygkomd A= shtel 73 Sand & mudstone 72 910~912 359 134 443
T 71EA o2 HelEe ¢ 4 9tk Mohr-Coulomb 3H3)7]% 73 398 130 443
2 (2 Fg. 59 AEE &8l UCS=0.7 MPa, ®=30° 8-1 432 114 438
o] AE At} Sand & mudstone 8-2 954 ~956  4.95 140 43.8
8-3 484 162 438
9-1 441 188 436
Sand & mudstone 9-2 990~992  4.05 189 43.6
9-3 441 193 436
10-1 208 125 551
= Sand & mudstone 10-2 1016 ~1019 2.27 98 55.1
% 103 306 153 551
S 111 523 270 432
Sand & mudstone 11-2 1039 ~1040 5.62 302 432
11-3 523 237 432
0.0 ‘ ‘ , ‘ 12-1 469 197 541
00 02 04 06 08 10 12 Sand & mudstone 122 1045~1046 473 246  54.1
o (MPa) 12-3 469 185 541
13-1 286 110 482

Fig. 5. Relationship between rock strength and effective confining
pressure from triaxial tests of semi-consolidated mudstone in Sand & mudstone 1321063 ~1065 459 113 482
borehole BH-1 (data C-1 excluded). 133 2.76 % 482




210 ojylH . AZE -

7|E 24N

BH-1539 w7 o]y shio] E¥ske s $3i¢,
71 &, ARl 5% T Fof AR Wit UCS, @
283 v,9 AuAE Ade $835 F(2005)0] il
dE4EAE WS AMEsle] 349 UCS, @ 28 255
E 083 F0] A5 BAHIEE(V,)E Table 20 A|A| 8k
o A3 A FEE YEiME B ARy A AR
7b obd AlFF A Ak g A% A' A7t 279
B o] o] A|29 UCS, ® 233 V, A= AFFolA
ﬁ% A= %’ 7JE FA3517] 9% 71E ASR ol8E F
6= V, 4 it ch9+ @ X}i TA

#HE Holx %01 v, z}f«f— 01%0}04 HHez ch—
75 & 5 dg 7ol 1o @71 €HY Adde A=
o] A7} Hol V,-UCS JBBAE ¥ F jlo] A5 B
W@ + BEUAHE A3t UCSE FF3stith A
o|re] TH@U7+59% 9718 ¥ 449 o= Vol we 3
FBAAE HolA] Yol 7} ¢4 A5 o] FHENE AHERTH
234 §3)¢, R shiEeIME 45, Asd=
NE3} v, E4o] A okt v /\]—’F A 774
Mg 2ALE S8l ARE S A= Bt v, FA
3 PEQ) st 3] 3hg ol &t A Bzt
e oA 2 AVAE A 29 V, 5T 46104

km/s, 27|18 A 8- 258 + 154 ohm-mZ TR 4ol v]s) =
oF gHel = AT B A0E A, A A1 E ol A
48 v A dE % Z*’“«l @A BH4EF ol
A AYE IV EF] GFE AHE HEol A7 AF
F A7 A= AFE A EAT AFF P BFS
OJ g -?46}04 A A F7A AR E A= A T,
2

o) A3,
2F0|5E A

A (32 olgaiol AAE BALU(P), AT HHE

@ (deg)

350
~—Basic dyke

300 |} o Lapilli tuff . ‘
—~ 250 || --®--Sand & mudstone S ,.f’
K A
g 200
¢ 150
Q
2 100

50 .

0 ~ *
0 1 2 3 4 5
V, (km/s)
(@

OJFE - oHF - FAZ

F35HP,), AATGE(S,) 2B A5 22 A AR
ol (P, ) AEE A3l ‘?JE"%LHH (stress gradient)
o HelZ Fig. 79 =AIEAT ol¢9He A7t 3=

Lithology  Caliper Stress gradient Casing
column {inch) {MPa/m}
4 12 20 0 001 0.02 003
0 ‘ T T
g [
i [
i e s N ]
200 po—— o 4 ] | ' |
\
= B
\
1
400 . \ p
s '
o E
\
B | i ‘.
° i l'
AR - | H
_o_n_ | P | lI
© o o - - 1 -
800 |[o L= n : gk
L 13
£ AR m— i
~ Jo o o] i !
£ 1000 [ .| 4 . ' J
> " S )
] o !
P, i !
o 1 b Po! Pm Sv: g
. F I :
4 i
T = '
NERRA E '
1400 £5°9 g ! b
o v o v | !
v OV Q)
& v O Vv | :
MPGVIN
o v @ v { :
MR
1600 [SIT2) - 4 ! H 4
jo v o v { :
v 2V
& v O Vv 1
v oV o I !
o v @ v !
v o Voo | :
1800 {25 C3) 1 I ! 1
MNPOV i
v o Vo | !
o v o v
v o v o | :
|0 v & v H
2000 v o Vv O [l
Legend
Semi-consolidated
E mudstone [:’ Crystal tuff
- Basic dyke Lapilli tuff
H Sand & mudstone 3% Tight hole
= ; = : Andesic volcanic e  Borehole colle?pse
S ¥ ¢ ¥| breccia i’;’:ﬁ Cement grouting

Fig. 7. Mud windows (shaded area) suggested by stability analysis
of the borehole BH-4 in this study in comparison with well
conditions from drilling log.
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Fig. 6. Correlations between UCS and V,, (a), and between @ and V), (b) from laboratory test data of borehole BH-1.
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Fig. 8. Comparison of seismic P wave velocities measured by
laboratory experiments using rock specimens and by sonic log.

Symbols O, A, and @ indicate laboratory-measured P wave
velocities for lapilli twff, basic dyke, and sand & mudstone,

respectively. Velocity ranges marked by solid lines are those of

logged P wave velocities.
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