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Advanced Earthquake Modeling with Nonlinearity and Topography in AWP-ODC
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Recent nonlinear dynamic rupture simulation
of AWP-ODC was on Frontera at TACC

- LT g
(Snapshots from linear (left) and nonlinear (right) simulations using AWP-
ODC showing wave propagation during a magnitude 7.7 SAF earthquake,

Must validate new physics

topography

+  Started as personal research code (Olsen 1994)
« 3D velocity-stress wave equations

+  Memory variable formulation of inelastic relaxation

« Dynamic rupture by the staggered-grid split-node

+ Absorbing boundary conditions by perfectly matched

AWP-ODC

1
=, Vo0 50 =MV u(Vv+ VYT

solved by explicit staggered-grid 4-order FD

dgi(1)
dt

MY Awr,
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using coarse-grained representation (Day 1998)

-
o= Mu[s(r) - 2;,(:)] 7 5= 2,5 e

(SGSN) method (Dalguer and Day 2007)
« Displacement nodes split at fault surface: explicitly
discontinuous displacement & velocity

-+ Allinteractions between sides occur through traction
vector at displacement node

layers (PML) (Marcinkovich and Olsen 2003) and Cerjan
etal. (1985)
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Figure 1: () Curvilinear grid, used for discretizing topography, overlaying cartesian grids with decreasing grid

1.3x more expensive VS linear s bmanenentavetyndstessesinaanlinar sagaed g
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multi-surface nonlinearity
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AWP-ODC Performance and MV2 Evaluation = oAb ICH

AWP-0ODC-GPU Weak Scaling on TACC Lonestar6
AWP-ODC Weak Scaling on DOE and NSF LCCFs (Linear version vs nonlinear versions)
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Throughput Geell/s = nx * ny * nz/ execution time(ns)
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Parallel Efficiency (%)
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Computational Size (mesh points X

timesteps)

Computational Requirements of AWP-ODC
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Computational Size (mesh points X

timesteps)
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Computational Size (mesh points X
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The

e M7.8 scenario along southern San Andreas Fault (SSAF)

e Best possible science for fault geometry and
source rupture characteristics in 2008
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Expected Strong Ground Motions

e Physics-based 3D wave propagation simulation: AWP-ODC
e Coherent long-period (3s-period and longer) waveguide channeling into Los Angeles basin

e |s best available science in 2008 still the best?

3 sec SA (g)
1.2

0.0

-119° -118° 117 -116°



Improved/New Model Features

Updated Statewide California Earthquake Center ~ 3%°

(SCEC) Community Velocity Model (CVM):
Previous: CVM-S4 (Kohler et al., 2003; Magistrale et al., 2000) New:
CVM-S4.26.M01 (Lee et al., 2014)

Surface topography

Flat vs. Irregular free surface 34°

Local high-resolution models:

(1) Imperial Valley (Persaud et al., 2016)

(2) Coachella Valley (Ajala et al., 2019)

(3) San Gabriel-Chino-San Bernardino basin (Li et al., 2023)

33°
High-resolution fault geometry
Salton Seismic Imaging Project (Fuis et al., 2017)

Small-scale heterogeneities
Elastic scattering model (Lin & Jordan, 2023)

320 =d -
~119° ~118° Y ~116° ~115°




Local Models

(1) Imperial Valley/Coachella Valley models
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AWP-ODC - Recent Advancements

GPU-enabled and highly scalable (Cui et al., 2013), with curvilinear grid and
discontinuous mesh features

Developed and verified on Summit at Oak Ridge Leadership Computing
Facility (OLCF), with Nvidia V100 GPUs

Verified ported HIP version, full production runs on AMD GPU machines
(Frontier at OLCF)
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Transformation

X(m) X(m)

e Implementing traction free boundary using curvilinear grid (O’'Reilly et al., 2021)
e Horizontal grid spacing remains
e Vertical grid stretching
e Curvilinear mapping
e Numerical challenge: Staggered-grid finite-difference scheme
x, =F (%1%, x,=FE,(r',r’,r?), x3=F;(,r? 1)
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Governing Equations with Curvilinear Grid

Covariant basis vector (tangential):

8x1
or' ,
a = a.\'z a. = ax’
L T ¥ i
3% or

Jar'

Contravariant basis vector (orthogonal):

ar

0x, i
o — | o i or
=lm |° ¥ =3
ar axi

oxs

Establishing orthogonality:
a,- ) ai — 5”

Governing equation in Cartesian coordinate:

3
O _ 599

Governing equation in curvilinear coordinate:

av; 1 0 "
. § ig..
P ot ] %5 ork Uatoy)




g~k Diagonal terms, easy to implement

. Off-diagonal terms, not so easy, need

av,- 1 a a a
pg — i(r—l(]alldil) +7(]a210,-1) +§(]a310',-1)) ki k
az, k#] interpolation

1(0 d d
+—| 5 Ua'?0,) + 5 (Ja*o,,) + — (Ja*?0y)

J\r r? r

1(0 |, 0w 0 s Estimation of velocity and stress components using
+7 T1Ua%0i) +5(a%0) + 5 (Ja 0:3)): numerical differencing operator

D3073 D3PaP30712 D3P P30711

+ (%als + aﬁazs + %aw))‘gij
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Stability Criterion and Verification

For Cartesian grid, CFL criterion is (4th-order FD):

A A A
X = Cmin— =0.495 min —

At < min

For curvilinear grid:

At < C, mmﬂ (Horizontal grid directions or region

vV, with little to no grid deformation)

_h (Vertical grid directions with

At < Cy min ) o >
Vylla®llz  curvilinear transformation)
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Implementation of Discontinuous Mesh (DM)

Nie et al. (2017)
Wavefield Estimation Using a Discontinuous Mesh Interface (WEDMI)
Overlap zone for data exchange ‘
Factor-of-three ratio coarsening a8 ———0°
. | Do,
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Implementation of Discontinuous Mesh (DM)

Downsampling process needed

Directly passing values to collocated coarser grids
-> proven unstable

Filter first and interpolated

] j+1/2
oemeon v (m| ¥ [m|
Ao Ao x ® x @
emeon ¥ [m| v [m|
Ao Ao * & X @
oemeom _|vmym
A®Aoe il ko xe
emeonm  vmym
AoAe | xexe

m} - {m]
O O *Viml |m
A e Ao * & x @
emeon v [m| ¥ [m|
JANE o SO oo x(O

kl = nztl-1 (u1,v1)

kl = nztl-2(w1,m)

interpolated

kh = 0 (w1, m)
kh = 0 (ut, v1)

OV« KV

O v,
A Gii O Oxy

O oe V oy

Finer grid:

@ F1:4th order FD
F2: 2nd order FD
F3: interpolated

Coarser grid:

(O c1:4th order FD

C2: downsampling

Velocity field update:

1. fourth-order velocities update in the coarser region (C1)
2. fourth-order velocities update in the finer region (F1)

3. second-order velocities update in the finer region (F2)
4. free surface calculation

5. interpolation of velocities in the finer region (F3)

6. downsampling of velocities in the coarser region (C2)

Stress field update:

. fourth-order stresses update in the coarser region (C1)
. fourth-order stresses update in the finer region (F1)

. second-order stresses update in the finer region (F2)

. interpolation of stresses in the finer region (F3)

. downsampling of stresses in the coarser region (C2)

. apply source

OO WN -



w

=

Receivers Index

w

V.

Y O G PR —

{{ -

A A
\

/‘j\‘* _________
VAT o U VR SR O——

A TN S e

A N e ]

e ALAAA A

A e

\gu A s e

f"‘\

\l"( Y

A

/ P —

N R
1l

\-‘\1\",“»!\.\ ______
AN A e
r)

/i,,\\»-, _______

[ ——

4 [ YTy S —
e T el oY e P
/

A AN A e

R PP VIRV S —
y v

' 1 1

— T T
——Uniform Mesh
Discontinuous Mesh

S\ o\ ——

! ' !

0
Time (s)

(a)

10 20 30 40 50 0O

Depth (m)
0 5000 10000 15000

Time (s)

(b)

500

1000

1500

2000

s 2500

-Wave Velocity (m/s)

S

13000

3500

s
10 20 30 40 50 O

10 20 30 40 50
Time (s)

~7PPW

0.99

0.98

Correlation Coefficient

i

Nie et al. (2017)

7

().970

5

10 15

Points/Wavelength

Horizontal Distance(km)
20 40 60 80 100 120

- O

20
Overlap zone
30

40
50
60

70

Depth(km)

80

90

100

2000 3000
Vs(m/s)

1000

4000



CVM-54

Numerical Models for ShakeOut

e Numerical domain
1. Following the domain used in earlier ShakeOut studies
2. 400-rotated domain of 600km (Length) x 300 km (Width) with discontinuous mesh
3. 30m-resolution USGS digital elevation model
4. Updated attenuation model Qs=0.1Vs (versus Qs=0.05Vs used previously) | '
5. Minimum Vs of 500 m/s ° 100 A S °00
e Local high-resolution models:
1. Merged into CVMs using tapering method (Ajala and Persaud, 2021)
2. Using empirical relations from Brocher (2005) for conversion of required elastic
properties

<Temecula

Technical details

Domain

Length 600 km

Width 300 km

Depth 101.2 km 300

Southwest corner —121.0000°, 34.5000° 130° (km)

Northwest corner —118.9520°, 36.6210°

Southeast corner —116.0331°, 31.0835° cal Models

Northeast corner —113.9455°, 33.1223° T -
Rotation angle 40° clockwise from north i T &a \
Geodetic datum WGS84 . ;

UTM zone 11 { ]

. p Imperial
Spatial resolution Valley
Maximum frequency 1 Hz
Minimum Vg 500 m/s
Points per minimum wavelength 5

100 m: Free surface to 25.4 km below sea level

Grid spacing 300 m: 24.7 km to 101.2 km below sea level

Temporal resolution

Time step 0.0045 s
Simulation time 180 s

i 300
~120° -118° —116° —114° 130° (km)




Ground Motions Fade
@) (b) (c

40° (km)

e
-fong Beach
y

Model #1

> Model #5

20

40 60 80

130° (km)

g. #:Anaheim |
; ORY
;ﬁj)\

! Y, a8y
o ,,-ﬁ)ng Beach

F o
¥:Xong Beach

Ay

> Model #2

L
v é).?c;ng Beach

Model #6

v

-eong Beach

Model #3

o 'Y
9 ;;L‘ong Beach
2

Model #7

-Ontario

’ i
Lovina

r
‘I’.'ong Beach

Model #4

ﬁ 7"
"
-Anaheim

\ ‘.!_‘img Beach

i

Model #8

with Model Updates

o
w
3s-SA(Q)

o
N

0.0



Effects of Model Updates and Surface Topography

Two branches of waveguides channeling into the LA basin

Largest reduction (65-100%) occurs when updating reference model
Adding surface topography leads to smaller reduction (25%) along
both waveguide branches, while increasing ground motions in the

San Gabriel mountains CVM-S4.26.M01 CVM-S4.26.M01
CVM-S4 Flat topo Irregular topo
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Vertical

The Final Model... CLT b b i
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