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The Simplicity of Generating Complexity
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Lecture I: The Simplicity of Generating Complexity

e Generating Power Laws

e Simple Examples of Complex Patterns

¢ Self-Organized Criticality (SOC)

e Earthquake Models of Complexity

e A CA Model Using Permeability as a Toggle Switch

e Application of the CA Model to Dehydration Re-
actions

Lecture II: Contemporary Models of the Earthquake Process

e Dislocations and Brittle Faulting

e Stress Transfer Models (e.g. NAFZ in Turkey)

e Coupling Fluid Flow Model to Large Scale Tectonics

e The Behavior of a 3-D Fluid-Controlled Earthquake Model

Lecture III: Properties of Large Ruptures and Surface Deformation Field

e Review of Some Rupture Models
e Complex Slip of Earthquakes
e General Strain Fields Around Elastic Dislocations

e The Properties of Large Ruptures (e.g. slip, rise time, moment
release)

e Comparisons with Earhtquake Catalogs

e The Surface Deformation Field
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Objective: Build a model that includes:‘

e Complexity (Implied by Gutenburg-Richter)

1. How to generate complexity
2. Self-organized criticality (SOC)

3. Molecular dynamics models
¢ Long-range stress interactions (Elasticity Theory)

1. Brittle faulting as elastic dislocations

2. Stress transfer models (earthquake triggering)
e Observation that faults are weak (In General)

1. Stress measurements
2. Heat flow anomalies

3. Role of high pore pressures



Simple Complexity: The Dot Game

Connect the dots randomly until a box is created. If a box in enclosed, draw another line.
Continue turn until no more boxes can be enclosed. At the end of the game, count the
size of each box cluster created during one turn

Distribution {N=S)

L
o' 10
Ciuster Size (S}

Cluster size statistics. At the end of the game, count the size of each box cluster created
during one turn
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Growth in an A. oryzae colony in a nutrient poor medium. From Matsuura and
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Miyazima (1993).
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Simple Matlab program of positive feedback

colormap(’gray’)

v=[-1 0];

N=500; matrix size

x=rand(N); generate random number
y=x;

y(1:50:N)=-1;  perturb the boundary with a negative number
for k=1:30; 1loop to search for connectivity to -1.

for j=2:N-1;

for i=2:N-1;

while y(i,j)>=0.95 & (y(i,j-1)==-1 | y(i+l,j)==-1 | y(i-1,j)==-1)
y(i,3)=-1;

y(i+l,j+1)=-1;

y(i-1,j+1)=-1;

y(i,j+)=y(i,j+1)+.1;

y(i+1,j)=y(i+1,j)+.1;

y(i-1,j)=y(i-1,j)+.1;

end;

end;

end;

step forward in time

y(y>=0)=y(y>=0)+.01; step forward in time
h=pcolor(y);caxis(V);shading flat;pause(.5); plot results
end;
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Fig. 1. Energy release versus time during a typical earthquake.
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Objective:

Answer the simple (juestion:

"What happens if two neighboring cells at
different pore pressures suddenly communicate?"

B Hydrofracture

Approach:

Investigate a system where permeability is
treated as a toggle-switch

e Apply the model to approximate fluid flow

in fault zones, couple to elastic dislocation
theory, and build a fluid-controlled
earthquake model

Apply the model to dehydration reactions
and compare with laboratory experiments
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Diffusion Equation with Source Term

* e = —V*“P; — astic — 1 1
--: at ¢(6¢+ﬁf) v f (¢Pl t ) ( )
where

® ¢ 1S porosity

e (35 and (3 are the pore and fluid compressibility
e v is the viscosity

e p is the fluid density

e k is the intrinsic permeability of the matrix.

® Opiastic — | 18 a source term

For an impermeable matrix (k~0)

oP (I' — ¢);
a—tf lnoﬂow: —d);@_ (2)

At failure (hydrofracture), fluid pressures equilibrate with nearest
neighbor cells. The equilibrium pressure (by conserving fluid mass
and ignoring gravity, 1s:
=2 1(68)i b
> (68);

where P is the average pressures of affected cells.

P =

(3)



Figure 5: Evolution of high pore pressure connectivity from cellular automaton model
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Experimental Setup

Volumometer

Porous Sandstone Endcap
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Model Results of Drained Boundary Connectivity
and Fluid Production

Fluid Produced

Drained Boundary
Fluid Produced
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Comparison of Experiments and Model

AV/Vo
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Conclusions

S1mple model for hydrofracture-controlled
systems. s.ows:

)
Self-organizing behavior.

Produces power -law statistics of clus*er
coanectivity at the critical state.

Large (sudden) fluctuations in pore pressure
from connectivity with lower pressure regions.

Complex distribution of reaction products
when coupled with kinetics of dehydration.

Good agreement with fluid expulsion curves
of dehydration experiments in‘serpentine and

gypsum.

Model applies to any kinetic system with -
positive Clapyron slopes.
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Shear Stress (MPa)

Mohr-space dynamical system

} AC f(Vpl, G,Z)

(9,3,9)
Oeff
60 :
Failure Condtion (u=0.6)
50! N
401 Depth\________ 12 km
30}
8 km Vt
20} 4 km
‘ Vi
10} 3
0 . ik | - [Initial Conditions
0 20 40 60 80 100 120

Effective Stress (MPa)
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