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Abstract

Geologic sequestration technologies such as CCS (carbon capture and storage), EGS (enhanced geo-
thermal systems), and EOR (enhanced oil recovery) have been widely implemented in recent years,
prompting evaluation of the mechanical stability of storage sites. As fluid injection can stimulate
mechanical instability in storage layers by perturbing the stress state and pore pressure, poroelastic
models considering various injection scenarios are required. In this study, we calculate the pore pres-
sure, stress distribution, and vertical displacement along a surface using commercial finite element
software (COMSOL); fault slips are subsequently simulated using PyLith, an open-source finite element
software. The displacement fields, are obtained from PyLith is transferred back to COMSOL to deter-
mine changes in coseismic stresses and surface displacements. Our sequential use of COMSOL-PyLith-
COMSOL for poroelastic modeling of fluid-injection and induced-earthquakes reveals large variations
of pore pressure, vertical displacement, and Coulomb failure stress change during injection periods. On
the other hand, the residual stress diffuses into the remote field after injection stops. This flow pattern
a OPEN ACCESS suggests the necessity of numerical modeling and long-term monitoring, even after injection has

stopped. We found that the time at which the Coulomb failure stress reaches the critical point greatly
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: varies with the hydraulic and poroelastic properties (e.g., permeability and Biot-Willis coefficient) of
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the fault and injection layer. We suggest that an understanding of the detailed physical properties of
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surface displacement and deviatoric stress distribution with different amounts of fault slip highlight
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the need to test more variable fault slip scenarios.
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S| oJ5H4] Alo]| TEH Ak olalo] Fe o] QIR =1 Qlrk A% 4| UL T d 2588 wek) 7]
o] 5t BRI/ o I3 = Qlo, Al FFelell thigh tha g 2] B 5o 8 2 Aol A= = AF4%] COMSOL-PyLith-
COMSOL A4 T2 thaghg 2] RARS a4git). ka4 A8 AT EQo]9] COMSOLS o8-l &5l 7Felil= 28 1t
1] -32(CFS) W3t ATl wht 451511, CFS ¥iskgo] %174]&‘(0%1 0.1 MPa)S& Zte 749, By o] YR (7|5 %, B4 5)
A QE LA FTQ PyLithZ o1 FAI7|E Ea1e}ES T3t PyLiths ©5-2] u|11818-S BASLY, nlEdd] ot MopdS
o]% H-S COMSOLE o 5A|A Z]71o]| oJgt 32 9l H WQIE AWttt 422] mAF AT} 54 7I3F 54l
(B, CFS Bist5) 5 BT, £ T o= -S8o] 972 902 ghiteh= o do] Uesttt. o=
o] ™ A2 AIQtetet. Tk Tt 905 =4(oll, &A1, Biot-Willis Al<m)oll thE CFS Wk vl =
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2% 5A4 FYL olitshetA 2R, -8 2 2 (carbon capture, utilization & storage, CCUS), Q13- AF5 A DA
Bl(enhanced geothermal system, EGS) 7=, =% T&f|(hydraulic fracturing) 5 TFIFSH 54 02 4= ¥t Stephens
and Jiusto, 2010; Tapia et al., 2018). I, FUA 1] Y U=} 250 EAY A7) D AJ- Afolof tigh §A B4 A=
FA T4 o] % 2]F HAYE 0] 52 AlAskaL It Horton, 2012; Ellsworth, 2013; Keranen et al., 2014; Weingarten et
al., 2015). 2006'd A9 v (Basel) 2] EGS T2 A E o] o5]] 715 2.6 2] 2] %(Deichmann and Giardini, 2009), 20164

n]= @ 223l Oklahoma)ollA] 4= =0l Ol 111 5.12] X7 (Goebel et al., 2017), 2019 F= T AE(Preston)

oA HL7EA FE52 It % mhafle]] o5l 115 2.99] 7~]7~1(Cao etal., 2022)0] FAAFICE =9 AR 1A=
32 o]o]d &= QLo W(Ellsworth, 2013), CCUS AF39] 74-¢- AgAdshd the2 olAlslEr AT} a2 ST
ZAH(Rinaldi et al., 2015). =, ;qo_d' FRISA FA F=dell thet BE9HS 71| 5hH, ARR]A] -840 AAA

7= ol o &2 zkasirt )% G4 5= of thet AFe]A] vhke. Ygete o] v}l = | 5 E(Barendrecht) ©]AtefEr4 X
9 ZJZK(carbon capture and storage, CCS) T2 A E(Terwel et al., 2012; van Egmond and Hekkert, 2015)1+ =& 2] v}
T Vattenfall) CCS Z2ZAHE(Diitschke, 2011) 5-2] AEIAHE, A 2 5-29] AlgkE 71t 4= QJtHBrunsting et al., 2011;
Kraeusel and Most, 2012; Lee and Min, 2013; Haug and Stigson, 2016). &3t T2 A E 2343 QofA+= -FA U2
A2 -5 At 9] Aok pAof thet AR AFE 7|REC &2 ARS|A] -80S e B art lok ERE, A5 1A
Pt mazR o 7 QI A 7452 HAA171A K (Cipolla et al., 2012), U= S0 0L o] o T 2
Z]71o] WAgsH= =19] AFE|(Yim and Min, 2022)7} Itk QP 215 A4 =42 Slslixe, A7 A== S
et B4, 3=E, Tl 9 A e B4, A5 AR, B vEAlS 5= e -
27 (5 v]ER) A AluE] @ F550] "<& o]th(Chang et al., 2013).

IR YO B wIAYUEC 2 (1) TUE AV S B30 24 ZholjAl= T 3942 28201 &
7Hell, Nolte et al., 2017; Yeo et al., 2020)2} (2) 417 @50fl @A QAT 3= T2 o] Hu|#slof uf= s
53 4454, Yeck et al., 2016; Chang and Yoon, 2020) 50| AlAEtt. thaEHd o] 2(Biot, 1941; Segall, 1989; Piombo
etal., 2005; Segall and Lu, 2015)-> t5-/3 W& oA 2] 5:410] 553 14| §19d Ato] Ago2b-gof it 4] nag&
Al BshH, FU-R 7 Ao d7] 2-85]0] ghok<l, Deng et al., 2016; Safari and Ghassemi, 2016; Jin and Zoback,
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2018). & AFoM = e B TE v EE Ae 2] BAPES Aljbehl, =9 3 X582 Hk,
e ARE egstarat R,

TR HAR= g 2] 0] e ) eha] 4w oheket =Y AU (- FA419 F5, U =
27} 7bsotE =, Astt o & Eo] AlRbH A olA 9] Al 3= H A5-62 Hakd 5ol w2
= 7Fe Ml sEth(Lee et al., 2008). 71 TR G- 4 Fol mbE 35 R AIS-s 9o ¥
et al., 2010; Chang and Segall, 2016)3} 2| %lo]| oJ3t th-ErA] ¥ AlikHughes et al., 2010; McCormack and Hesse,
2018)y= 27t 5 0 &2 42| HARIAITE, Aot Al TES QoM 54 T AA s B4, &3 &
)2 A9t %] BAEFE Q5 (Jha and Juanes, 2014).

B Aof| M, G35t A ARR A T E 90191 COMSOL Multiphysics® (015}, COMSOL)E AF&5}0] tha e (poroelas-
ticity) BA1S oFd 2l(weak form) 0.2 o]AFsls}al, who] 4 (Python) 7]5H] -A-3hQ 4 AT E ]0121 PyLith(Aagaard et
al., 2013)E AR8olo] &3 HIEF ] oJgt FIE ATetaA} §ik. COMSOL-2 2] 0] ), 34 271, 84 &
A 28T o o= 0] QIth(Lee and So, 2020). 29t ofu] g}, TheFet EH(solver) 2t 84 Z<(element order)
£ AlE(<ll, Hoffmann et al., 2009)5}7| wizoll 412t 124 0] AF 2 2-gof) gt th58Hd 42 RAF Aol 48 o2
a7} QIth(Pampillon et al., 2018; Wetzler et al., 2019; Hui et al., 2021). SFA|TF-A3HQ A2 A& Ao HiEf o2
stE R = njE oy mhyof| theh =2] AL A] o]2]-20] QItK Zienkiewicz and Taylor, 2005; Agathos et al., 2016;
Lee and So, 2019). ©]]| ¥tf PyLith= G % Wloll EAfoh= &5 Ha thro] 90 = Eefsto] U1F npz A = 7H5}
= G 925lHH(domain decomposition approach)e ©|-&-5lAl, E& O] v| 12 2= F/4R1 A%1S AESHA| 2] BAL
ok 4= QIthWilliams and Wallace, 2015; Kim et al., 2022; Xue et al., 2022). $-2]&= 3= 4|2 557} chguf A o] o<
A1 e Aol o] thyer Aok Alatollis COMSOLS, ©5-2] BEA42 Q] 7% WALl PyLith S 283tk

2 AF= A TA/TA 8 R T nEE @4l tieh 2] RARE Foll 3-8 Hel, WY 5= Ael ol

2] HARE ©F nEE olF FUFe da =S AW, £ S 01T AT s ol AR Hi9 52 745
]

—

AlbfiE A

o3 € (Poroelasticity)

Biot(1941)2] thEtd o| B2 3= -7A| S5} oM ¥i9d Alo|o] aal-gof tigt AT 2 =(Wang, 2000; McCormack
etal., 2020), TU-FLEA]Z A, Ge and Saar, 2022) 2 Z]%] & &I ¥ A <], Barbot and Fialko, 2010)°]l '8
2] ARgE]o] gith 215 W 1918 A4 U2 T W A4 = AR e 24 24 5o HelE goXich

.
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AL (DA (2)= A A1) d2 A2 A eohs T AF thaetd A Ale] g Al o =, ZF2t gl
17g A (force equilibrium equation) 2t -4 A HE 27 A)(fluid mass conservation equation)®]t. p= 3=, n,e=

A B, ke FASE, we IA12] HePH(displacement field)S 2J0[gttt. 82 ©IA o= 2] (3)0ll4l, HFE ©
s

o2 FIHh 4] @), (5)E °1834 Biot-Willis A4 o 2+ BIAF A (specific storage) 5.5 AT 5= 9lrt.

o= 12_G2yy tr(e)I+ 2Ge where e= %(Vu +vau?) 3)
B 3(1/u —v)

T B+, 2v) @
~ 3a(l—2v)(1—aB)

5= 2GB(1+v) )

v, 2} B= 247} vlHlias(undrained) ZOF5H]2} Skempton Zl(Skempton’s coefficient) O[T}, -2-2= 7|5 X 3(reference
model)& 7 BFO 2 4] RAKS AP OLE, F9)50) )2 PR B wialel] ol ke A RAjsh] Sl
% 250 SAA%S} Biot-Willis 42 712 B R e A 498 F 37144 AR i) 12 0
ol theh ZpAIRE B4 4=X14= Table 1] AT ESE, 2 Aol A= thae/de] Bt th4=9] 7]& A-HChang and
Segall, 2016; Deng et al., 2016; De Simone et al., 2017; Rathnaweera et al., 2020)2} o], 27]9] -5 A& 2}7] HH
(self-equilibrium) JENZ 718 3 3%, 2% 51 3-8 5o Wkl tiet 2] RARS 4343t} whebA S2of of
BE VHolA] fskom, FEigtel ofgh Jakol tishA= o] % F5-2 ol AEste= jitt

%)

£% 713 -3 ¥3}HCoulomb Failure Stress Change, CFS)
25 11 -89 WskF2 B3 wE R A 715 A Al g ARSEtK(King et al., 1994; Rutqvist et al., 2007). 578
0] 25 1] -8 WMalF CFS7H24e%l -3, T o] 2ol /delE oJnloiAlTh e whis T nlE ol 77t

AR AeE: oJu]5}H(Shan et al., 2013) 2] (6) 2.2 EAFILY,
CFS=7—pulo, —p) (6)

2] ol 2] 58 Hs), npE Aot =0t Hiel=, 6, o] HO7F ol THEo] Eolal 8l

= AESHIYE AR 2 AtolMs 271 HE A7) B9 dEl= 7Pdsh, S AR 7 etel whet, 4

ol 3= -5 'lM O] 27] 242 B 0. 08 AAsIGint Tt & A5 Sl AT 7, 0, p T2 Rk O

netth, fel= 3 rEE A o f-o] Tt 7|21 A 25 w32 HSlRF CFScE-0.1 MPaz 2733t CFS7H bar

7Bl 712 2| 7-2e]8} A7S(o), Papadimitriou, 2002; Bagge

and Hampel, 2016)2 -FrARH 7|0tk 54 529l oJgt &g autet Fgee] vtz QI8 T5-2] CFS7FCFSe = 0.1
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2 E%o* 23

=) 0|28 2] RAFS 9J8f], Chang and Segall(2016)2] 23 H o /S-S
H}%ﬁi T3] Eﬁé% ARG 2] RS /d5k= ol ARN(FHD), 715Here] F1= 28210.6 km, 0.1 km, 2 km©]
o, %25 km (5849 x 2.7 km (47;1%@){ 221 BEoltk. FYHE FAE A BE FERE @44 US| sl
Aetol] ]oﬂ A o g EaAo] e o]y %A}?J% el AFIAIZ, Dﬂ(Shukla etal. 2010) ol= A A 232l
= X &= H(slip surface)?} o=
S ¥ o] T3l fault core)_i TSt LA 1))4 73741 A0 A BAE A (free
surface) A 270, 71 2] 73 Al= E=](roller) A Z710] H-8=| 3}, §A412] A B2 172 (A] (2))ol thet A =11
2 oFE 73 7h= F5E(no flow) A 27, 11 2] A= H=lE3(p = 0) £71-& Folstot AR W, 217 0.2 me] 5
8-S 2l OM(Fig. 1a2] Ef| 17), X =+0.1 m<I A3 2] 2 Ao|A 9] Aluta] 20 S e -6l
] 4«;;% AR ge|Ee 2 0 2 A 0L Fig, 1c2 o], 30 5925 MPa2] A5 o2& 71t
AL 5808 Q15 4+2] B D AA 2L Fig. la, 53] RS FLAJeH= AR} LZE=Fig. 1b, 7Y AU 2= Fig.
leol Ve AL, Z42te] 5 T5alo] B4 32 Table 19 BAISISATE & 481,932719] DOFE o] f0j7 422 mage
AZYeg Ay Q4= A= o, Aol A 379k XA 371 282 50 meH0.3 mo|ok. -fA Et 2 T mlE o]
Aok U5 o] Al FHED O AR Azt 28 ZHe = A79to 24 (Fig. 1b) 2] BAL A7)
e s A 1t PyL1th°ﬂ A ARRE 2] 15 0] A 27242 COMSOLIH-5-dstet. T v1E-20.5m, 1 m,
2m, 3 m 5 TR 5 AlET ol £2] ARSI, A FHf|A 0] 2]/ W 9jet o|Fof| A 2] & mIN|A -
(von Mises stress) ‘5191“ AliFstairt.
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Fig. 1. Model set-up. (@) Numerical model domain with three layers: mudrock, sandstone, and basement. The fault core is
2 km fromthe injection well at X = 0 km in the sandstone layer. The plane and line represent the fault core and slip surface,
respectively. The three points within the slip surface are denoted by Points A, B, and C to track the time evolution of pore
pressure and Coulomb failure stress changes. (b) Magnification of the mesh structure near the junction of the sandstone
layer and fault. (c) Injection scenario continues with constant injection pressure of 25 MPa for 30 days.



Table 1. Material properties used in the reference model

Material properties Mudrock” Sandstone" Basement” Fault core” Fluid
K (m?) 1x10™" 6.4x 10" 2x 107" 1x10" -
o) 0.1 0.25 0.05 0.02 -
v 0.3 0.15 0.2 0.2 -
v, 0.35 0.25 0.25 0.33 -
;1, 0.5 0.6 0.6 0.6 -
G (GPa) 11.5 7.6 25 6 -
B 0.8 0.62 0.85 0.62 -

p (kg/m®) 2,600 2,500 2,740 2,500 1,000

1, (Pa-s) - - - - 1x10°

YMudrock and sandstone properties based on Kim and Hosseini (2014).
YHydrological and mechanical properties of basement and fault based on Zhang et al.(2013), Stanislavsky and Garven (2002), and Willson et al.(2007).

COMSOL} Pylith 234 28 aaiz

1 A7) ) AR T U (1) COMSOLE ARgs1o] 97 717 5910] A 004 540 482 4] BARS
o, A7 Hh2 3] /2] BARL, 9], $8 58 AW () B30l 7oAl R Sl AL AR A
A6l O 49, 65 ool ot 524 5 498 WAk 4] Rl It o 5 2 59 ke pyLiel
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= 7 AEEGole] A A 2
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Fluid injection (~30 days) Build numerical model
of fault slip

l

Generate fault slip

l

Au,Av calculation

Select the PDE form
l Calculate the time
evolution of CFS and p

Discretize governing
equations

l

Build a numerical model
( Analyze ]
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Fig. 2. Flow chart for simulating pore pressure evolution, poroelastic stressing, and fault slip in the fluid injection model.
COMSOL (blue) and PyLith (green) compute the effects of poroelasticity and fault slip, respectively. To build a detailed
poroelastic model, we select an option to customize the partial differential equations in the first step. In the discretized
domain with the numerical conditions (i.e., boundary and initial conditions) and properties (e.g., permeability and fluid
viscosity), the pore pressure and poroelastic stress fields are redistributed by injection for 30 days. When the Coulomb
failure stress change of the fault overcomes the pre-defined critical value CFSc, the main numerical software is switched
from COMSOL to PyLith to simulate the fault slip and the resulting coseismic stress distribution.
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2t o)

COMSOLS 0|85t 54| F0fl 2lst 3= 2 33 HEle| tHEtet 2| Hoj|A 2] tHe Albt
A 7Y H SR o IE olHF, ARS(FTUD), 71Nl Y] =% ¥3t p(Fig. 3a~3d)2t 2] H9] v(Fig.
3e~3h) ] AAIE Z3}E 4] BARILE %71 309 7+ 9501 25 MPal] UL =S F11(Fig. 3a and 3b 2! Fig. 3e and
3f), 200%(Fig. 3¢ and 3d %! Fig. 3g and 3h)7}*]9] po} v ©] {M—— WS A ol Rt A7 ol AR
p7F9478 Aol A 7} f 332 ZEom, Bp-go] T A7 ©Ealol p o] Asol A2k 1 —0—4 Y o s st
=k Z0lo] Z2]5 Toj= x%x{]ﬁ,_gp7}A]Z_PO1]H}E]-%‘r2}3}7~] , Fig. 3b&} Fig. 3d 2] T3 f2] 9] p& H]| s
B, ohFo] Be] FE2 290o0] FA| ok p7Hd=5ohe 7ol EARES mefet 4= Qlrk. 4 AU 2(Fig. 1¢ 3%)
of whet =)Aol A 2ol =25 MPa)Oﬂ TR APZIol= 5% BEE 9191 X = 0 km A1 olA ~3 em2 7F =2 3
T2 S HojEth(Fig. 3f). TU7gell 71sliAl= elo] = Alu] 2(Fig. 1c)ofl whet F=¢o] Se=]H, 3 2] ¥
o] 371= 3 #ASHKFig. 3g and 3h).

~

a. e.
— 0.54 — = 0.5
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| . i , .
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Fig. 3. Time evolution (10to 200 days) of (a—-d) pore pressure and (e-h) vertical displacement owing to fluid injection. The
residual pore pressure changes after injection stops on the 30th day. Vertical displacements along the surface (dotted
lines) are exaggerated by 5,000 times to emphasize surface deformation.
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m TS 91t AA 28 1 38 WS CFSc= AAsISlth fA4 ol A1&55= 30 B3 CFS+= *P%*%éi &9

FUANAFE FEEEC = F7lstH, o]t} 7]Hieto] Hlel 2 Fr-a-s 2= TS elo| Ak CFS7H 5713t (Fig.
4a and 4b). A4 FU S 0] Z, 30 ©1F), 3=2to] B4l wEk(Fig. 3¢ and 3d #X) Al ff—‘iL,—(X +6 km)
o} th=aHo] Hig] By = 2 km)ol A= 1002 H 2008 Aol 9Fe] CFS7FHR3tt(Fig. 4c and 4d). 9-2]= thH=al
W 37H2] 2] (Points A, B, and C)°ll4] CFSE] A7t ZI3}E B W Th(Fig. 4e). 370 A 2] CFS F|that2 A2] 742 ~120
ol ~3.5 MPa°o|H, B2} Ci=300% o]l 415] S7toh= Ao = AXIEISITE A, B, C A8 2] CFS+= 22 ~13,

~21¢, ~32% Aol AR CFScoll =26t (Fig. 4e), &5 W9] CFS 232 A (Fig. 40) = AlFEH 271221 Aol
Al o BEA] CFScoll E2ehs HojEth

a e.
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£ o g 4
= . . Va . =
o ~0.57 Injection well”  Point A 5]
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T -1.54 Benile _ 4
> Time = 10 days s =
_20 T T T T T “ n‘?
-6 -4 -2 0 2 4 3] 2= 21
b. X-axis [km] f—% =
8 @ Point A
T o.g— L % 1 ® Point B
% ~0.54 E o - ® PointC
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