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Fracture or flow?

FRACTURE FLow
but: but:
Aseismic deformationand creep? Eruption speedsof 100s m/s?
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Fracture-er flow?

FRACTURE FLow
Sliding over a hydrologically Stability of a solid matrix
flushed fault zone experiencing sustained flow
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Sliding: localized deformation Flow: distributed deformation

Photo courtesy of Kurt Cuffey, Berkeley
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Photo courtesy of Mike Hambrey, Taylor Glacier, Antarctica, 1987
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Generalized model by Cooper Elsworth; see Elsworth and Suckale, 2016
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Data from NSIDC, Scambos et al., 1994
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Simulations by Cooper Elsworth; see Elsworth and Suckale, 2016
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Mechanical Model
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Generalized model by Cooper Elsworth; see Elsworth and Suckale, 2016
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Water Film

Arterial Channels

Distributed Cavities

Figure by Cooper Elsworth
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Fracture-er flow?

Flow creates a patchy fault

m=) surface (here:dry patchesact as
asperities, lakes are zones of free

slip)

Flow introduces a different time

=) scale that can lead to rapid
rearrangement of the slipping
zone.

FRACTURE
Sliding over a hydrologically
flushed fault zone



USGS Forecast for Damage from Natural and Induced Earthquakes in 2016
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Injection rate in million of barrels (=108 liter) per month

200 - 16
o ()
©
® 150 | =
-— 5
o &
S ' <]
"'3 100 - ..E.::.. 4%
3 =i 3
= 50 = £
0 — 2 5
2000 2005 2010 2015

B salt water disposal

Unknown

_ Enhanced oil recovery

Figure modified from Walsh and Zoback, 2016



500

N w B
= - =
o o o

Number of Earthquakes per Year

-
(=)
o

Oklahoma Earthquakes Magnitude 3.0 and greater

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014



a“d?

Fracture-er flow?

FLow
Stability of a solid matrix
experiencing sustained flow



Sleipner gas field - the world's first offshore
carbon capture and storage plant
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Multiphase mechanics

Tobias Keller

segregation segregation pressure  Vviscous phase
velocity coefficient gradients stress buoyancy

SEGREGATION v, = ¢'Av" = — = (¢'VP"+ VP -V -¢niD(v')-¢'p'g)
yr
_ A : _ . | i Dipi T
COMPACTION P, = ¢'AP" = — @ (q)‘V-v +V-v;—¢i P _ i]
Iy p Dt p
compaction compaction velocity phase mass

pressure  coefficient divergences compressibility transfer

Keller and Suckale, in review



Multiphase mechanics

Tobias Keller

segregation segregation pressure  Viscous phase
velocity coefficient gradients stress buoyancy

SEGREGATION | v} = ¢'Av" = — % (§'VP + VP -V ¢iD(v)-¢'pg)
Up .
| - A | o D'p' T
COMPACTION @ P, = ¢'AP" = - 77_? (q)’V-v +V-vj3—¢,. P _ i]
Iy p Dt p
compaction compaction velocity phase mass

pressure  coefficient divergences compressibility transfer

Keller and Suckale, in review



Observation

Ludovic Rass

3D GPU-based code by Ludovic Rass, see Rass et al., 2018, Sketch by Lgseth et al, 2011
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Fracture-er flow?

Sustained flow alters the
=) structural integrity of a rock or
granular matrix

FLow
Stability of continuous rock
experiencing sustained flow
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Governing equations

Tobias Keller
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Keller and Suckale, in review



Regime 1: Darcy flow

Um <K Ug E— No overpressure

Keller and Suckale, in preparation; Permeability scaling from Bai et al., 2010



Regime 2: Degassing waves

m— )\~ ] —10m

Gas expansion Magma creep

mmmmmm) Pressure pulses every 1-2s

See also: Michault et al., 2013; Rise velocity from Gaudin et al., 2017

Height (m)




Regime 3: Mush failure l o, (vertical)
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Regime 3: Mush failure

l o, (vertical)
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NASA ISS Image: Stromboli Volcano, Italy; Crater locations from Harris et al. 1996; Suckale et al. 2016




Darcy flow
(passive
degassing)

Suckale et al., 2016

Degassing
waves
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(normal
explosions)
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Fracture-er flow?

Sustained flow alters the
=) structural integrity of a rock or
granular matrix

The interplay between flow and
=) matrix deformation resultsin

overpressure and may entail
failure

FLow
Stability of continuous rock
experiencing sustained flow






Conclusions:

1)

2)

3)

Multiphase interactions at the granular scale can trigger a shift in
the system-scale dynamics.

Fracture and flow often occur simultaneously and interact more
dynamically than we usually give them credit for.

Studying extreme event’s across different natural systems with a
similar model increases opportunities to refute/validate models.



Thank you.

Look deep into nature and you will understand
everything better.
— Albert Einstein
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95 % buildings destroyed

Minamisanriku, Japan:
60% population missing
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100 out of 300 km of
sea walls in Tohoku
destroyed.
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Hill sizes:
A:2.0x15m
B: 2.6 x 20m
C:3.4x25m
D:4.0x30m




Hill sizes:
A:2.0x15m
B: 2.6 x 20m
C:3.4x25m
D:4.0x30m
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Viscous shallow water equations (NUMAZ2D)

. Ol i
Continuity: - + V- (hu) =6V - (usasVh)

ot T
Switches viscosity on/off

Momentum:

Jhu
Ot

v (lzu Qu + g(/f-’ _ 1,;-1)1) + gh V- (hy]) = V - (hapisas V)

1 1 I

Bathymetry  Free surface Dynamic dissipation

Dynamic dissipation coefficient:

tsas = max(0, min(fimax; fres))

Wetting&drying: 0.1 m threshold

Giraldo et al., 2002; Abdi and Giraldo, 2016; Marras et al., in review



2D solitary wave runup on circularisland

Unstabilized

Initial condition

Y(m)

Stabilized

X(m) 25 0

Y(m)

Synolakis, 1987; Marras et al., in review
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Amundsen Sea

e —10Gt/yr

e +10Gt/yr

Velocity m/yr
————
0 1500 3000

Eric Rignot, NASA Jet Propulsion Laboratory, Paolo et al., 2015; MacGregor et al., 2013



Fluid solver

p(x) (8_1) + (v V)v) = —Vp+ V- |u(z)(Vv+ Vo)
+gp(x) — ok(x)d(x)n
V-v=0

pl =0k +2ul(Vu-n,Vv-n,Vw-n) - -n

Interface solver Solid solver
d(m ,l?, - .

Ob | dt

E IARCE d(Z, - wp) — 7T
_ o P>

dt
d X, .
= U,

dt

Qin and Suckale, 2017; Suckale et al., 2010a,b; Suckale et al., 2012a
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3. Three-phase

1. Wake formation 2. Settling speed |
coupling
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Suckale et al., 2012a; Qin and Suckale, 2017; Taneda 1956; Belien et al., 2010.



Scaling from Vergniolle et al., 1996; Photo by Jaupart and Vergniolle, 1988;




PhD thesis by Jenny Suckale and Suckale et al., 2010a,2010b
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Rayleigh-
Taylor
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PhD thesis by Jenny Suckale and Suckale et al., 2010a,2010b



3. Three-phase

1. Wake formation 2. Settling speed |
coupling
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Taneda 1956 and Belien et al,, 2010; Suckale et al.,, 2012a,b; Qin and Suckale, in review




Governing equations

Tobias Keller
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conservation of phase momentum 1] 0
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Keller and Suckale, in review
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