New I3ELVIS: Robust visco-elasto-plastic geodynamic modelling code based on
staggered finite differences and marker in cell
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Part I
New I3ELVIS development
based on own textbook...

This hands-cn Introduction to numerical gecdynamic
modeiling provides a solid grounding in the necessary
mathematical thecry and techniques, Including continuum

mechanics and partial differential equations, before Intro- — -
e umerical Geodynamic
Ful y updated, this second edition Includes four complete-

Modelling

ly new chapiers covering the most recent advances In
modeiling Inertial processes, seismic cycles and fuld-sol-
Taras Gerya
SECOND EDITION

ek19y

d Interactions, and the development of adeptive mesh
refinement aigorithms. Many well-documented, state-of-
the-art visco-elasto-plastic 2-D models are presentad,
which aliow robust modeling of key geodynamic process-
es. Requiring only minimal prerequisite mathematical
training, and featuring over 60 practical exercises and 50
MATLAB examples, this user-friencly FESCUPDE ENCOUTBEEs
experimentation with grodynamic modeis. It is an lceal
introduction for advanced courses and can be used as a
selt-study 2l for gracustes seeking to master geodynamic
modeiling for thelr own ressarch projects.
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New compressible visco-elasto-plastic I3BELVIS:

What has been developed (in both C and MatLab)

1

Define initial computational
time step At

1

Interpolate marker
properties to staggered nodes

1

Solve the momentum
and continuity equations

1

Compute nodal stresses
and stress changes

1

Compute adiabatic and
shear heating

S

1

Solve the temperature
equation

Return to Step 1 12 Advect markers by the
(next time step) velocity field, rotate stresses
B={T, o}j, v\, v), P} I
4 11 Interpolate temperature
> changes to markers
new B
10| Interpolate velocity, pressure
: > and stress changes to markers
N |
. W
: ,7old B
r- 9 Apply conditions for
-\ I continuing iteration
markers I
1
nodes 1
> i
coordinate={x, y} |, r 8 Apply conditions for
i| the time step A7 reduction
A 4
Return to Step 3 1
(next iteration step)
7 Adjust visco-plastic

viscosity




1. Staggered grid with external velocity, pressure, temperature and stress nodes
(temperature 1s in pressure nodes, not in basic nodes).

O external nodes
@ internal nodes




2. Fully coupled thermomechanical multigrid solver with global iterations
(non-linear feedbacks from shear and adiabatic heating and thermal expansion)

div(¥ @@ (14.3)

(71n (p)

! (14.4)
/;:algg’)_ (14.5)
/)CpD]; = (;i (k(zT) +(,; (k%—i) + H, (14.6)
20-;:x(}jtx(vivco_ plastic) T zoxy“ “xy(visco-plastic)? (14.7)
ﬁ aT% (14.8)
\_/

Dilatant plastic deformation 2 sin(y)én plastic)

Regularised Kelvin plasticity model) vield = Oc T VintD H(Nreg En1(plastic)

Duretz et al. (2018)




3. Continuity-based marker advection (ultimate MQS advection scheme).

The scheme guarantee bi-linear interpolation of dvx/dx and dvy/dy from pressure nodes @

where they are defined by solving (in)compressible continuity equation
Modified Quadratic Spline

reproduces average velocity in pressure nodes @ but not in original velocity nodes e

xvX(j-1)

Example of vx interpolation for the regular staggered grid

XVX(j)

XVX(j+1)

vX(i+1,j-1)

vX(

P .

yvx(i+1) \‘ -

vX(i+,j+1)
dy

dx

dx

% Compute distances

dxmj=xm(m)-xvx(j);

dymi=ym(m)-yvx(i);

% Compute vx velocity with bi-linear scheme for the bottom and top
vxm13=vx(i,j)*(1-dxmj/dx)+vx(i,j+1) *dxmij/dx;
vxm24=vx(i+1,j)*(1-dxmj/dx)+vx(i+1,j+1)"dxmj/dx;

% Compute second order vx correction for the bottom and top
vxm13=vxm13+1/2*((dxmj/dx-0.5)"2)*(vx(i,j-1)-2*vx(i,j)+Vvx(i,j+1));
vxm24=vxm24+1/2*((dxmj/dx-0.5)"2)*(vx(i+1,j-1)-2*vx(i+1,))+vx(i+1,j+1));
% Compute vx of the marker with bi-linear scheme in vertical direction
vxm=(1-dymi/dy)*vxm13+(dymi/dy)*vxm24;



3. Continuity-based marker advection (ultimate MQS advection scheme).
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4. Newton iteration for dislocation creep to compute effective viscosity for markers

Error

10710

10712 |
0

T

I I I

bisection _
asymptotic |
newton

10 15 20 25
iterations

Luca Blum, 2018 (BSc Thesis)



5. Accurate 3D elastic stress rotation for markers
The 3D algorithm can then be summarized as follows (Popov et al., 2014a, personal

communication).

(1) Compute the vorticity vector magnitude:

Wiy = \/a)ﬁ o (12.38)

(2) Compute the unit rotation vector 7, which also has three components:

ny=—%  py=—2  p=-% (12.39)
Wmag Wmag Omag
(3) Integrate the incremental rotation angle:
0 = Wmagt. (12.40)

(4) Evaluate the rotation matrix using the Euler—Rodrigues formula:

I 0 O 0 -—=n n My Nxly Nyl
Ryat =cos(@)1 0 1 O | +sin(0)| n. 0 -—n |+ (l — COS(())) nyny  nyn,  nyng |.
8 —n, N 0 n:ne NNy, N,
(12.41)

(5) Compute the rotated stress matrix by multiplying R,,., o and R,  matrices:

!

O rotated =

Riiks X R, (12.42)

where R, is the transpose of the matrix R, (Rma,Tis obtained by reflecting the elements
of the matrix R,,,, along its main diagonal).

Anton Popov (personal communication)



6. Arbitrary shapes for thermal and material rectangles
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7. Free surface stabilization
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Part I1
New I3ELVIS model examples:

Rifting-spreading transition

jtraw2310.prn topo z = 194 time = 10.656 Myr
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jtraw300.prn topo z = 194 time = 2.8752 Myr
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jtraw500.prn topo z = 194 time = 4.2251 Myr
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jtraw500xy1 log Viscosity, Pa*s 193 226 5 4.2251
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jtraw700.prn topo z = 194 time = 4.9818 Myr
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jtraw1800.prn topo z = 194 time = 8.7008 Myr
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jtraw2310.prn topo z = 194 time = 10.656 Myr
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log viscosity 482 20 194 10.656
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Subduction with grain damage

tesaoa3.prn ETA Pa*s 175 193 1601 0.019231

tesaoa3.prn Grain size, mm 175 193 1601 0.019231
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Model size: 1600x192x750 km
Model resolution: 1601x193x145 nodes
Run time: 2 months on 64 CPUs
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log viscosity tesaoa2.prn
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log viscosity tesaoa1540.prn ET2
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aoa1540.prn ETA Pa*s 5 193 1601 4.0068
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Conclusions
New I3ELVIS is ready for use

Parallelization is still OpenMP and requires fat nodes

I3ELVIS Outlook

Planetary - Adding self-gravitation should be straigth forward
STM - Adding inertia and Rate- and State Friction should be straigth forward
HTM - Adding poroelasticity and two-phase flow should be straigth forward

Landscape - Adding coupling to surface processes should be straigth forward



