3D Modeling of fluid-induced seismicity on fault with heterogeneous frictional asperities

Jiayi Ye', Zhenhuan Wang?3, Federico Ciardo*, Antonio Pio Rinaldi®>, Luca Dal Zilio??, Domenico Giardini’

1 Seismology and Geodynamics, Institute of Geophysics, ETH Zurich, Switzerland
2 Earth Observatory of Singapore, Nanyang Technological University, Singapore
3 Asian School of the Environment, Nanyang Technological University, Singapore

4 Civil and Environmental Engineering, Northwestern University, USA =
erC I: EA R S 5 Swiss Seismological Service, ETH Zirich, Switzerland OMPUTATIONAL EARTH .
. Bedretto e s - EOPHYSICS OBSERVATORY mzurICh
I Fault Activation and Earthquake Rupture Lab Email: jiayi.ye@eaps.ethz.ch AB oFSINGAPORE

Introduction
Bedretto Underground Laboratory for . Pizzo Rotond Area of VS patches Frictional parameters
Geosciences and Geoenergies
Average overburden
T - approx. 1 km _IVW= 1e-5 _IVW=56-5
.hﬂomem O } -?w?n;t 7 Data flow to ETH Ziirich Apatch — 10% ApatCh = 45% ,\U? 100 |
s ol N Afautt Afaut E 102
The Bedretto Labisa 5 yd : 1} © o
km-long subsurface A’ 101l area of V'S patches Log sl rate [mis] g 10" pefore seismic sl
research facility in the NS A, .- area of the fault R R BN o 10° \
Swiss Alps, focusing on 20 20 n g W\JM
; x 10
iInvestigating the physics s “MC“\FaU't 15 15 CEU 010
of induced seismicity . | 10 10 0) ) 10 15 20 25
++++++++++++++++++++++++++++++++ -l Time after injection (hours)
+++++++++++++++++++++++++++++++ S 5
s I R R N - E o E o 40 e
Val Bedretto : ff:jfffjj::ii:iiiili*fffffff;g:"f"a{;izd * FEAR Experiment 1: FEAR Experiment 2: FEAR Experiment 3: FEAR Experiment 4: > > & 10 I
TZSSTL.‘;?’;TQ' 2NN I / : ; : Characterisatipn offault Induced rupture on previously Ruptur{_eonfaultconditioned Ruptgreon actively _5 _5 E 10-2 I i
/"//‘.// R R . response to stimulaiton. unperturbed fault. by previous rupture. conditioned fault. ;; _4
SNV NHUU: SRR S —— (R S FeAR Tarnel metes 10 10 = 1 8'6
. 1 -15 15 2 .8
Earthquake physics testbed (FEAR) Geometry of the target "MC" fault’ N ) z 10"
- Objective: Conduct controlled rupture experiments on ~50 m fault o ‘grif"”f"’“" e S e g -20 -10 0 10 20 -20 10 0 10 20 ‘2‘5 10_12
surfaces, generating events in the magnitude range M_ -2 to 1. This Gouge 1 ’,‘;,,. “"’ x [m] x [m] 10 0 5 10 15 20 o5 30
scale bridges laboratory studies, previous deep experiments, and str\e/r?g’:ﬁg%-ing AR D | Higher percentage of VS patches leads to Nucleation size3 Time after injection (hours)
natural earthquakes (VS) friction smaller magnitude (~0.12), and lower ) 2 bl Small | and large 86 result in higher slip rate and generate
* Monitoring: Deploy multi-disciplinary, next-generation sensors in percentage results in larger magnitude (~0.3) "1 (b—a)? pes more seismic slip
boreholes very near the future rupture planes Bare "?tCki
granite . . i . . .
- Simulation: Precondition the stress state on the target fault Velocity- Injection protocols on seismicity magnitude
- Outcome: Establish a data stream to ETH, including dense- {I/V\?Vaﬁe'nitng s A e A S Injection schedule i Pressure evolution along y = 0 - o Spatial Distribution of My,
seismicity, fluid flow measurement, and deformation data (VW) Triction P om B o ani st s GOt 15- 18
o R e R T O A TS L] (20 _ o Fault is partially
Model t Gradual £ 1, g - " activated
odel setup pressure 3 il i E, ’ through a single
5 12 = = £, .
Increase 812 g 7 _ 2 .
We use numerical code HydroMech3D?, a quasi-dynamic fluid-injection model, which incorporates a Boundary Element Method (BEM) 6.8 -> 18 MPa & 101 £ 10 E 0 =0 event, leading to
0 = l 5 F . . .
and invariant rate-and-state-friction law. 8 8 ® less seismicity
0 5 }rl?me (hr)ll5 20 25 %20 10 0 10 20 %0 10 0 10 20
Spatial Distribution of a - b 0.015 ijgtffx o Jymbol value x [m] x [m]
ection p 20 Lenoth in v direction I 20 m Injection schedule Pressure evolution along y =0 Spatial Distribution of M,,
— VS baCkg round T Resflutionyina: direction dy 0.2 m 18 - 20 | | | ] 20 1
7 = = | 15/ - " e 0.010 Resolution in y direction dz 0.2 m 18 |
20 [ e — === a y I ear modulus a 1 20 1
7 E?C %;Z: _“Tj | b v 10 r?f};tal prejsulre (normal stress) g gg S/IPf)’a Pre- © 16 ‘@16 | £ 10 M, =-0.15 O Larger faUIt area
pEgl 2 igiiﬁf i | 0.005 Fluid pressure p’ 6.8 MPa mgm . % 14 - o 15 I5 ° . .
z::: ARERiREE i ﬁt 5. Effective normal stress Oeft 15.2 MPa condltlonlng > 214_ g ,E . o o 1 IS aCtlvated,
I | —_ Solid density P 3000 kg/m? 5 12 pre-conditioning - £ = 0 * ,
Bslel AUt D[3ng £ ol 0.000 < Fluid density P! 1000 kg/m* at 10 MPa 2 12 hrs @127 10 2 2 potentially for
+ | - © Solid compressibility B; 2.5 x 1071 Pa~! L 10 o) o
am) 0| uid compressibili x 10710 Pa~! o 10 . I
 Bare rock: velocity- > ~0.005 Sold viemiin i’ 0% Pas (12hrs) 1 / ] 5 F " . , larger magnitude
a8 A : S o i . Fluid viscosit I 102 Pa-s i
-10 | z;:iii;? Z -‘20 Weakenlng (VW) —104 O | P()‘r(.)sity ' .1 Z* 1%_14 2 6 é 1I0 1I5 2I0 2I5 6 0 -20 4
2:;;%%:% DTG ’ region {15 - 0010 Elétbiagfefiegzia?;ifablhty Sw,avs,amtch (1).0001,][3.025. 0.01 Time (hr) -20 -10 0 10 20 20 10 xfm] 10 20
j; %;%; ol= eaple s . RSF Evolutionary parameter by, bys, bpater,  0.018, 0.01, 0.0075 x [m]
-20 LZEZEZ aVW, bVW’ IVW —20- —0.015 RSF Weakening slip parameter  lyy, lys, lpatch 2e-5, 1le-5, He-5 .
T ~20-15-10 -5 0 5 10 15 20 Refoeo i i 0 Conclusions
10 -20 x [m] Injection rate Q 0.2 kg/s . . . . . .
Gouge: velocity- [a__ b 1. A higher proportion of velocity-strengthening (VS) patches results in smaller event magnitudes (~0.12), whereas a
strengthening (VS) | "¢ "A lower proportion leads to larger magnitudes (~0.3).
atch’ atch . . . . . . . .
Rate and state friction patch - - 2. Frictional parameters—the characteristic slip distance (I ) and state variable (6)—control slip rate and govern the
partitioning between aseismic and seismic slip.
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