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Numerical Analysis for Fault Reactivation
during Gas Hydrate Production

Hyung-Mok Kim*, A-Ram Kim

Abstract In this paper, we perform a numerical analysis to evaluate the potential of fault reactivation during gas
production from hydrate bearing sediments and the moment magnitude of induced seismicity. For the numerical
analysis, sequential coupling of TOUGH+Hydrate and FLAC3D was used and the change in effective stress and
consequent geomechanical deformation including fault reactivation was simulated by assuming that Mohr-Coulomb
shear resistance criterion is valid. From the test production simulation of 30 days, we showed that pore pressure
reduction as well as effective stress change hardly induces the fault reactivation in the vicinity of a production
well. We also investigated the influence of stress state conditions to a fault reactivation, and showed that normal
fault stress regime, where vertical stress is relatively greater than horizontal, may have the largest potential for
the reactivation. We tested one simulation that earthquake can be induced during gas production and calculated
the moment magnitude of the seismicity. Our calculation presented that all the magnitudes from the calculation
were negative values, which indicates that induced earthquakes can be grouped into micro-seismic and as small
as hardly perceived by human beings. However, it should be noted that the current simulation was carried out using
the highly simplified geometric model and assumptions such that the further simulations for a scheduled test
production and commercial scale production considering complex geometric conditions may produce different results.

Key words Fault reactivation, Methane gas production, Hydrate, Induced earthquake, Coupled analysis, Geomechanics
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Fig. 1. Schematic of TOUGH+Hydrate and FLAC3D coupled simulation (Rutqvist and Moridis, 2007)
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Fig. 2. Geometry of simulation region and analysis conditions
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Table 1. Thermodynamic properties in the analysis (Moridis et al., 2013)

Parameter Value
Initial pressure at sea bed floor (MPa) 21.9
Initial temperature at sea bed floor (C) 0.482
Water salinity (mass fraction) 0.035
Initial saturations in the HBS 0.5
Intrinsic permeability (m?) HBS G Upper]s Lowerls
1.75x107" 9.9x10° 9.99x10
Porosity (-) 0.67 0.76 0.63
Dry thermal conductivity (W/m/K) 0.5
Wet thermal conductivity (W/m/K) 3.1
Specific heat (J/kg/K) 1000
ko= (83"
ko= (Se)"
Sy=(8,—58,4)/(1=5,,)
§6= (86 Sye)/ (1= Sia)
Relative permeability model HBS Upper & Lower
(Moridis et al., 2008) n 35 50
m 2.5 3.0
S 4 0.01 0.05
S 0.20 0.50
Py == Pl(8) " —1]7
(Spwa = Sira)
Capillary pressure model HBS Upper & Lower
(van Genuchten, 1980) I 0.45 0.115
Sin 1
1/P, 10" 10”°
St 1.0
Table 2. Geomechanical properties in the analysis
HBS UPPER LOWER FAULT
Bulk modulus (MPa) 667 233 667 335
Shear modulus (MPa) 609 24 69 164
Cohesion (MPa) - - - 0.5
Friction angle (°) - - - 25

mol|A 160 m Al%o] $Jx]8}aL 9lom 20 me] FAE
7HAEE AR Y] A AJsE 146 m Ao ® 27
ooty 2w 7k7F 23.4 MPa @ 16.9Colt}. 3
Aof] ARE-gE ARt Y] =/4d4k2 Table 1 9 Table 2]
AABFAEE ZEAsto] B0 E 34 AAlg o= 3
glof o3k FH 2|59 ZHHEL AFEATE 2 A

A= o5 WSt o3t ark= FAISIAL 7k A
Ab B oAl o] T et Hrke FE HHoR §)
Qc}. ©h=HL 1 ojZZ(Mohr-Coulomb) A %-S
Sh= A0 & 7Pk, AAR 10°, 9o Sl
10 m, EFA4E 0.99x10" m*2 A8k

712 iAo R A 0.1 kg/sE 30 A B Al



EERREIEE R 63

it oo of ok i@ oot
Fehoz
ST S S
Rl EY
T oox o fr
o P
\E ofj o
A IO
Al N oL,
Y ok
o 2 52
A £
lO Q ol l-zlln
5 =25
B &
25t
3
X rir
>
E) 2
i olo

~{
i
i3
Rl
S
1
ol
o,

MEgstol e XHAze £
A ofal WAlsHs 1719 i v
A= Fete] our] Bl TeHoAlg]
E}Jﬂ (rupture area), ATHHS] H Mt 493 At
Aol =& Zlo2 Hilklo] ko, Hanks & Kanamori

o ™
> o ®
3 ofv

%

(1979)= A2 EH E(seismic moment)E 4] (1)} 2
o] Algrsieick
‘/L‘6 =8% Du'v_(/ XA (l)

7|4 S Ate] HehHEAlax(Shear modulus, Pa),
Dyet= TS ot Ay s_} H Atk Q)(m), A= )
HHA(m’)S eERfn] gubzo s ahaHae o
2 71AHE oahA, AR BRIE(M)+= N *me] &2

R8s HHES o]8sto] 4] (2)9F o] Akt
4 glow olggk AR i FAALALE CO, HAIT
& o= 8% H} ItiCappa & Rutqvist,

o o
501 501
— -100F — -100F
£ C £ C
=z =z
2 sof 2 sof
- - u - - u
< <
w w
- | - |
) )
250 250
_: TSR AN | _: IR R |
30035 0 10 3005 0 5
PRESSURE (MPa) Sn_eff (MPa)

(a) Pore pressure (b) Effective normal stress

2011; Mazzoldi et al., 2012).

M, = 2 log,, 1~ 6.06 ®)

M

M

3. 2EIEHA 2 Y 2A

HI

3.1 7|28 ant
Fig. 30|4 5+ 7|2z A9 B4k 714 304
FO 0 AU Fig 3 BFEAS] FIAY
(@), SEFALAb), HHS2(©), ATHBEW) FH
< Ueh lolek bl ol FhAstol=go)= A
AFO 2 913 HBSZ R (G HOoZHE A= 1409
A4 160 m FZholH B grelo] Fasle] fage)
F7he eeka glck AT RS HBSE A
FollA L Arzto] 57}0}04 Fig. 3(d)o} Z2-& %_L
B2 Qoick HBSF v F qeie] sk
HBS= ) o XA _%_tﬂoﬂk]u]- wrAIsh 30
% QY BALEE 3 MPazkA] 74510] HBS
% WA JUA e
Fig. 5= A4 7IA] 3 ARl w2
g S YR Aoloh Agito] Xsig
Hol Ao Hetgo] 71 & 4
HBS 47 9 shFof detdHFo] YFAoz W

I QAT

NE
—{N__rﬂ—"#

FNv

%0 01)1' mz

E
=

2~
E]—_l‘

s
=

Sk
1 ket

I e i
Lo i

iﬁ

lo

- =
T
o

o o
ol

)

O O
50l | .
— 100 — <100 °
E 1 E I -
= I 4 o g
[«] + o L
= -1s0F £ -150 %
L 0 < 0 v,
o L = L .
[ o i .
d L - | o
-200- W 00
—ESD_— _250; o
_SDD__I_A_I_I_l_I_A_I_I_l R B
-5 0 5 30075 001 002

Shear stress (MPa) ESJ (-)

(c) Shear stress (d) Shear strain

Fig. 3. Results of base case simulation along the fault plane



64 Thsslol=dole AuagelAle ©E AEs o4

[T

Zone Extra 13
val,

Valumetnc Averagin

2.3000E407
2.3500E+07
24000E4+07
24500E+07
24962E407

After 1 day

:

Contour of Zone Extra 13|
Calculated by: Volumetric Averaging
2 8840E+06
4.0000E+06
6.0000E+06
8.0000E+06
1.0000E+07
| 1:2000E+07
| 1.4000E+07
1.6000E+07
1.8000E+07
2.0000E+07
I 2.2000E+07

2.4000E+07
24962E+07

After 30 day

Fig. 4. Pore pressure evolution after gas production

Contour of Eff. Shear Strain Increment
Calculated by Volumetric Averaging

5.0000E-04

6.0000E-03
6.5000E-03
7.0000E-03
7.5000€-03
77741603

After 1 day After 7 day

After 15 day After 30 day

Fig. 5. Shear strain evolution at various elapsed time after gas production

32 SS0HEALE 0183 Mt n|naE JisA Tt

Fig. 6 302 7ke] AYA7IRE 59k 37e] A1 (3}
o|=#o]% AM(top), 3(bottom) 2! 7}-&t(middle)
o Bals Alm)olie] BEulEbAKMobilized frictional
coefficient)©] WEE THEmo|A o] 27] n}2zt]
ol upEAGel ) AT Aol TEwo]A o]
Aggeut saseulz A 3)ah go] AEE 8%
upAG7} Y o] 27] Bl ltan (25°)=0.47)
of mee A9 Ak vjmelo] WATE oludct
(Kim et al., 2016).

Ak 27] BEnbdAleE A
o] zlegge] wet Hap Hasto] dATE
e YEidth ot Ase 3=
a el nA= ]
wef AJolahr] wiZol 71QIdhet. 37] AR W Ak
e TS| g AR AISE

iy
o
Hu
olX
N
@
k=l
oZ
>,

Hol=
lopds

o

o,
=N
o 19 fllo

0.7
I ———— Bottom (red)
. ——<—— Middle (green)
0.6 —o—— Top (blue)
05

———————————————— 1 = tan(25°) = 0.47

Mobilized Friction Coefficient (-)

0 5 10 15 20 25 30
Elapsed Time (days)

Fig. 6. Mobilized friction coefficient of the base case with
isotropic stress conditions



EERREIEE R 65

07

—FH&—— Beottom {red)
———— Middle (green)
—<—— Top (blue)

06

05

04

0.3

0.z

01

Mobilized Friction Coefficient (-}

0 5 10 15 20 25 30
Elapsed Time {days)

(a) Normal fault stress regime

0.7
—H—— Bottom (red)

—<&—— Middle (green)

08 ——S— Top (blue)

05
——————————————————— | =tan(256°) = 0.47

D4

0.3

Mobilized Friction Coefficient (-}

0.1

02fF

I
Elapsed Time [days)

(b) Reverse fault stress regime

Fig. 7. Mobilized friction coefficient of anisotropic stress
conditions

oA %
(Fig. 7a).

etk v o] MASHE AOR A

Fig 3@ ﬂﬁTa o
e W A 1 Sl Adlstel 4 () 2
@ 28 A2 2 74 FuE 2shgct 5
A7 R B 2()8] YA T = 0.185)08
w9 2Re O] ] o] MASHE SOR o2
itk o]g 3t n|AX|A-E Ql7to] AR 4~ 92 A:
o] o 4=of SfFTITHNRC, 2013).

Max. Moment Magnitude (Mw) = -0.185

0.045 — | - 7E+08
F A ]
0.04E __o—]6E+08
0.035F /B/B/ ] s
F — 5E+08
0.03F E =3
F ] -
— C E <
0,005 4E+08 @
g ] 5
o 0.02F 43E+08 2
2 ol s
F0.015F Joeis S
F 1 g
0.01F R E £
A —11E+08 N
0.005 E
MMAAL A A A A Jo
0.005 L y 3 -1E+08

10 20
Time (days)

Fig. 8. Shear slip (line) and induced earthquake magnitude
(triangular dots) by the moment analysis

E3l AdRSe Azl uhet HRH o Frlsh=
1] 2] 21 d(aseismic) FER= LAFshH X 4 cm o] 7S
Bk ool @5 v As B4 wetis
Az d(seismic) 917 EA Al FHsHA wAAT
25 9151 2214 T QJEAo] Ao ATkl EnlEA o]

§]— SHFE 4= QltRutqvist et al., 2013). &5 Ab
A A AN = Th5He] AsAF(slip-softening)
S T2 AdAE 540 digh HEVF 2ad Aok

H JoAL A slo|=do|E & Zo|Ae] ThA
AL TR U ZREE AARY 2 ko] jShA]
o} P54 WIS Est el SRR
ARERE 712 ATE TSk THAsto| =0l E
A A 8 ejstd WES TOUGHHydrate F1=
FLAC3D FT2 &3}d0os dAs|Ashoan 1as)
ek

e i R A
EREV P
A o Ao Uelgtery, 53
o] AtfAo g I AkE L8 X7 (normal fault stress
regime)oll Al B3 A28t R0l AfHes 2 A
o= sjepEelct

EZh 7k Aol o TS A=Yt Z]jlRt
FEAZ HAYEE ZHE F7])(moment magnitude)
WA 24T AT mE 809 o FAuo
o227 g3zl Fjgehs A Bk ol 2 7
2342 sto|=do|E Ak oA o] TE AEAst

ol ol
off 2Rt T=E A
Q 7

S
Pesie dod 7
,

~
)
N
=~



=)
=)}

1A WE BHOR AT A7IUe] e A
B2 Broz 4ys vestd 3 U A97E B
2 AR Adeln, MR AN AWTE, U BAY
W GE oy A% S4S et oA Aol
3 AuE 2 5 9l

T A7 7%0}0]:‘?1]0]‘5 7 ARG e
Al A 9] = TS0 AHBASE 7sA S o= IRt
TR SR &S F8l ARde] Qls7E H A
Atz o] AAjof Z-8e 4= Qe E3L, S AL
stof] W FHEA HekE 18T 49, g5
2 iEls HE ASE BN 5 Qo) 3T

FRA A AETLE D BE GRS N AR

IS, B B2k 2 A o ol 28l
sick £ 304 7AE $j497]92 Sjol=dol=
9 e Adolds] 91 shmest Sey
E AL Q3 IS S o R FAst=s HXlo g
ojitstRtaE HIERE =9 fAl9] 52 EARE = QL
ofel frA|deta=el AR - olakaieka A
A FI7F CCSARY 4 éﬁ’— BRI LS
EGSAK{olA 9] & A2/dst 2 f=A3 515 4
% Hrlolw 283 S ok

Ol-('ll‘
o 1

[e==)

rié"i
oﬂﬂérﬁﬂﬂoﬂ

A ot ofj rlr

A 2

o] Z=Fo 2015HE AR (W) Ao e
FAEke] 7| 2ATARY AP Wob e Hgi )
(TS 2013R1A1A2004605). Aol ZHAR= U )

References

1. Z4¥E, J. Rutqvist, 2015, “TZF FZ 7}Aslo|=|o|E
HAZoA 52 BARE o83 7k AL AP,
2015 S=ehtEats] &4 33 H shedxs dEAR
Z, 20159 34, pp. 303-307.

2. i3, ARt AL, 2013, “FUUE o] 87 TtAsto]
EHo|E 35g4tA BHXW“F AFAZl T 2504
A G, 2013 ARG FA| $3) L e
drEAE R, 2013 109, pp. 206-211.

3. Cappa, F. and J. Rutqvist, 2011, “Modeling of coupled
deformation and permeability evolution during fault
reactivation induced by deep underground injection of
CO2”, International Journal of Greenhouse Gas Control,
Vol. 5, pp. 336-346.

4. Figueiredo, B., C.F. Tsang, J. Rutqvist, J. Bensabat, and
A. Niemi, 2015, “Coupled hydro-mechanical processes
and fault reactivation induced by CO2 injection in a
three-layer storage formation”, International Journal of
Greenhouse Gas Control, Vol. 29, pp. 432-448.

5. Gan, Q. and D. Elsworth, 2014, “Analysis of fluid

Thsstol=dole Aol B

10.

12.

16.

. Hanks,

A/t i

injection-induced fault reactivation and seismic slip in
geothermal reservoirs”, Journal of Geophysical Research:
Solid Earth, Vol. 199(4), pp. 3340-3353.

T.C and H. Kanamori, 1979, “A moment
magnitude scale”, Journal of Geophysical Research, Vol.
84, pp. 2348-2350.

. Itasca, 2012, FLAC3D: Fast Lagrangian Analysis of

Continua in 3 Dimensions, Version 4.0, Minneapolis,
Minnesota, Itasca Consulting Group, pp.438. 2009.

. Kim, AR., J.W. Lee and HM. Kim, 2015, “A case study

of test production of gas from hydrate bearing sediments
on Nankai trough in Japan”, Tunnel and Underground
Space Vol. 25, No. 2, pp. 133-143.

. Kim, A.R. and H.M. Kim, 2016, “Scenario Analysis of

Injection Temperature and Injection Rate for Assessing
the Geomechanical Stability of CCS (Carbon Capture and
Sequestration) System)”, Tunnel and Underground Space
Vol. 26, No. 1, pp. 12-23.

Kim. HM and J. Rutqvist, 2014, “Geomechanical model
analysis for the evaluation of mechanical stability of
unconsolidated sediments during gas hydrate development
and production”, Tunnel and Underground Space Vol. 24,
No. 2, pp. 143-154.

. Kim. H.M, J. Rutqvist, and W.S. Bae, 2014, “Sensitivity

analysis for fault reactivation in potential CO2-EOR site
with multi-layers of permeable and impermeable formation”,
Geosystem Engineering, Vol. 17, No. 5, pp. 253-263.
Kim H.M., 2015, “Numerical analysis for geomechanical
deformation of sea bed due to gas hydrate dissociation”,
J. Korean Soc. Miner. Energy Resour. Eng. Vol. 52, No.
2, pp. 148-157.

. Kim H.W., D.S. Cheon, B.H. Choi, H.S. Choi and E.S.

Park, 2013, “Case Study on Stability Assessment of
Pre-existing Fault at CO2 Geologic Storage”, Tunnel and
Underground Space Vol. 23, No. 1, pp. 13-30.

. Mazzoldi, A., A.P. Rinaldi, A. Borgia and J. Rutqvist,

2012, “Induced seismicity within geological carbon
sequestration projects: Maximum earthquake magnitude
and leakage potential from undetected faults”, International
Journal of Greenhouse Gas Control, Vol. 10, pp. 434-442.

. Mohammedyasin, M.S., 2015, Deep-seated faults and

hydrocarbon leakage in the Snehvit Gas Field, Hammerfest
Basin, southwestern Barents Sea, Msc. thesis, Norwegian
University of Science and Technology (NTNU) - Tronheim,
p. 97.

Moridis, G.J., M.B., Kowalsky and K. Pruess, 2008,
TOUGH+HYDRATE v1.0 USER’s MANUAL: A code
for the simulation of system behavior in hydrate bearing
geologic media, LBNL-149E, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720.

. Moridis, G.J., J. Kim, M.T. Reagan and S.J. Kim, 2013,

“Feasibility of gas production from a gas hydrate
accumulation at the UBGH2-6 site of the Ulleung basin
in the Korean East Sea”, Journal of Petroleum Science
and Engineering, Vol. 108, pp. 180-210.

. NRC (National Research Council), 2013, Induced seismicity



20.

et Aok 67

potential in energy technology, Washington D.C., The
National Academies Press, p. 211.

. Rutqvist, J and G.J. Moridis, 2007, “Numerical studies

of geomechanical stability of hydrate-bearing sediments”,
Offshore technology conference, 2007 May, Houston,
Texas, U.S.A.

Rutqvist, J., G.J. Moridis, T. Grover, S. Silpnagarmert,
T. Collett and S.A. Holdich, 2012, “Coupled multiphase
fluid flow and wellbore stability analysis associated with
gas production from oceanic hydrate-bearing sediments”,
J. Petroleum Science and Engineering, Vol. 92-93, pp.
65-81.

21.

22.

23.

Rutqvist, J, A.P. Rinaldi, F. Cappa and G.J. Moridis,
2013, “Modeling of fault reactivation and induced
seismicity during hydraulic fracturing of shale-gas
reservoirs”, Journal of Petroleum Science and Engineering,
Vol. 107, pp. 31-44.

Qui, K., K. Yamamoto, R. Birchwood, Y. Chen, C. Wu,
C.P. Tan and V. Singh, 2013, “Evaluation of Fault
Reactivation”, Offshore Technology Conference, Houston,
Texax, U.S.A., 30 April - 3 May 2012, OTC 22890.
van Genuchten, M.T., 1980, “A closed-form equation for
predicting the hydraulic conductivity of unsaturated
soils,” Soil Sci Soc Am J., Vol. 44, pp. 892-898.

z
[=]

=)

o
1997 Algiet gapeit Apelgslt
Pt
19994 AjistaL ool Az stat
A}
20021 F7eheta chakel Ael ek
sha} gspuak

i
R

Tel: 02-3408-4387

E-mail: hmkim@sejong.ac.kr

A AEoErE oy AR L gt &
STAS

Zop
20159 AlEdisha 2ahst o714

Agshat spt

E-mail: irnark91@gmail.com
A MEoheta Fabeet ol A2k
Falat Aahaby




