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Preface

Geophysics, or physics modelling of geological phenomena, is as old and as es-
tablished as geoscience itself. The statistical physics modelling of various geo-
physical phenomena, earthquake in particular, is comparatively recent. This
book intends to cover these recent developments in modelling various geophys-
ical phenomena, including the imposing classic phenomenon of earthquakes,
employing various statistical physical ideas and techniques. This first book on
statistical physics modelling of geophysical phenomena contains extensive re-
views by almost all the leading experts in the field and should be widely useful
to the graduate students and researchers in geoscience and statistical physics.
It grew out of the lecture notes from a workshop on “Models of Earthquakes:
Physics Approaches”, held in Saha Institute of Nuclear Physics, Kolkata, un-
der the auspices of its Centre for Applied Mathematics and Computational
Science in December 2005.

The book is divided in four parts. In the first part, tutorial materials are
introduced. Chakrabarti introduces the fracture nucleation processes, their
(extreme) statistics in disordered solids, in fibre bundle models and in the
two fractal overlap models of earthquakes. In the next two chapters, Hemmer
et al. and Kun et al. review the avalanche or quake statistics and the break-
ing dynamics in simple (mean-field like) fibre bundle models and in their
extended versions, respectively. Hansen and Mathiesen discuss the scale in-
variance properties of the random and fractured surfaces.

In part II, physics models of earthquake and their statistical analysis are
discussed in detail. Burridge recounts some of the early and very successful
attempts like the spring-block models. Bhattacharyya discusses the recently
introduced geometric models of earthquakes and their successes in capturing
the statistics. The solid-solid friction and stick-slip models of earthquakes are
discussed next by Matsukawa and Saito. Corral puts forward an intriguing
analysis of the statistical correlations in various observed catalogue data for
earthquakes. Similar spatio-temporal correlations in data and their analysis
in the context of spring-block models are discussed by Kawamura. Spatio-
temporal correlations between earthquakes and aftershocks are examined in



VI Preface

detail by de Rubeis et al. In view of such correlations, the possibilities of
short-term predictions for relatively stronger earthquakes are then examined
by Tabar et al. Finally, following a detailed survey of the inadequacies of our
knowledge of faults, fracture, etc., and of their dynamics and statistics, Kagan
argues why physics may still fail in making precise long-term predictions of
earthquakes.

In the third part, some related modelling efforts are reviewed. Herrmann
discusses the sand-dune formations and their physics models. Mehta reviews
the dynamics of sand-piles and of ripple formation in the same, in the next
chapter. Dynamics of plastic flow, the Portevin-Le Chatelier effect in partic-
ular, of stick-slips as in the peeling of adhesive tapes, etc., are discussed by
Ananthakrishna and De. Next, Pradhan and Chakrabarti reviewed the sta-
tistical nature of various possible precursors in some established models of
catastrophic failures in sand-piles or of fractures in composites.

In the final part, we include some short notes on some interesting and
occasionally speculative analysis of phenomena or models in all these related
fields.

As mentioned already, these up-to-date, detailed and penetrating reviews
by the leading experts are expected to make this volume a profound guide
book for the graduate students and researchers in the related fields. We are
extremely thankful to these contributors for their intensive work and pleas-
ant cooperations. We are also very much indebted to Arnab Das for his help
in compiling and editing this book. Finally, we express our gratitude to Jo-
hannes Zittartz, Series Editor, LNP, and Christian Caron of Physics Editorial
Department of Springer for their encouragement and support.

Kolkata Pratip Bhattacharyya
April 2006 Bikas K. Chakrabarti



List of Contributors

M. Allamehzadeh Bijay Bal
Department of Seismology Saha Institute of Nuclear Physics
The International Institute 1/AF Bidhannagar
of Earthquake Engineering Kolkata-700064
and Seismology India
ITEES, P.O. Box 19531 bijaybhushan.bal@saha.ac.in
Tehran, Iran
Mallam@iiees.ac.ir Rakesh K. Bhandari

Variable Energy Cyclotron Center
G. Ananthakrishna 1/AF, Bidhannagar

Materials Research Centre and Kolkata-700064

Centre for Condensed Matter Theory .
Indian Institute of Science Prat.lp Bhattacharyya
Bangalore-560012, India Physics Department

garani@mrc.iisc.ernet.in Gurudas College
Narkeldanga

Kolkata-700054

and

Centre for Applied Mathematics
and Computational Science

Saha Institute of Nuclear Physics
and Seismology Kolkata-700064

IIEES, P.O. Box 19531 pratip.bhattacharyya@saha.ac.in
Tehran, Iran

M. Akbari

Department of Seismology
The International Institute
of Earthquake Engineering

mary.Akbari@gmail.com Robert Burridge

Institute for Mathematics
A. Bahraminasab and its Applications
ICTP 400 Lind Hall
Strada Costiera 11 207 Church Street S.E.
I-34100 Trieste, Italy Minneapolis, MN 55455-0436

abahrami@ictp.it and



XVIII List of Contributors

Earth Resources Laboratory
Massachusetts Institute of
Technology

42 Carleton Street E34 Cambridge
MA 02142-1324
burridge@erl.mit.edu

Bikas K. Chakrabarti
Theoretical Condensed Matter
Physics Division and Centre

for Applied Mathematics

and Computational Science

Saha Institute of Nuclear Physics
1/AF Bidhannagar, Kolkata-700064
India
bikask.chakrabarti@saha.ac.in

Hirok Chauduri

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064

Alvaro Corral

Departament de Fisica

Facultat de Ciéncies

Universitat Autonoma de Barcelona
E-08193 Bellaterra

Spain

Alvaro.Corral@uab.es

Nisith K. Das

Variable Energy Cyclotron Center
1/AF, Bidhannagar
Kolkata-700064

nkdas@veccal.ernet.in.

Rumi De

Materials Research Centre
Indian Institute of Science
Bangalore-560012, India

and

Department of Materials

and Interfaces

Weizmann Institute of Science
Rehovot 76100, Israel
rumi.de@weizmann.ac.il

Uma Divakaran
Department of Physics

Indian Institute of Technology
Kanpur 208016, India
udiva@iitk.ac.in

Amit Dutta

Department of Physics

Indian Institute of Technology
Kanpur 208016, India
dutta@iitk.ac.in

S. Fayazbakhsh

Department of Physics

Sharif University of Technology
P.O. Box 11365-9161, Tehran, Iran
S_Fayazbakhsh@mehr.sharif .edu

F. Ghasemi

Department of Physics

Sharif University of Technology
P.O. Box 11365-9161, Tehran, Iran
f_ghasemi@mehr.sharif.edu

Debasis Ghose

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064, India

Kuntal Ghosh

Saha Institute of Nuclear Physics
1/AF Bidhannagar, Kolkata-700064
India

kuntal.ghosh@saha.ac.in

Alex Hansen

Department of Physics
Norwegian University of Science
and Technology

N-7491 Trondheim

Norway

alex.hansen@ntnu.no

Per C. Hemmer

Department of Physics
Norwegian University of Science
and Technology

N-7491 Trondheim, Norway
per.hemmer@ntnu.no



Hans J. Herrmann
Departamento de Fisica
Univesridade Federal do Ceara
Campus do Pici

60451-970 CE, Brazil
hans@ical.uni-stuttgart.de

J. Herrmann

Department of Theoretical Physics
University of Debrecen

P.O. Box: 5, H-4010 Debrecen
Hungary

R.C. Hidalgo

Department of Fundamental Physics
University of Barcelona

Franques 1, 08028 Barcelona

Spain

A.N. Sekar Iyengar

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064, India

Yan Y. Kagan

Department of Earth

and Space Sciences
University of California

Los Angeles, California

USA
kagan@equake.ess.ucla.edu

K. Kaviani
Department of Physics
Az-zahra University
P.O.Box 19834, Tehran
Iran
kaviani@scintist.com

Hikaru Kawamura

Department of Earth

and Space Science

Faculty of Science

Osaka University

Toyonaka 560-0043, Japan
kawamura@ess.sci.osaka-u.ac.jp

List of Contributors XIX

F. Kun

Department of Theoretical Physics
University of Debrecen

P. O. Box: 5, H-4010 Debrecen
Hungary

feri@dtp.atomki.hu

Vittorio Loreto

“La Sapienza” University
Physics Department

and INFM

Center for Statistical Mechanics
and Complexity

Roma, Italy
pietronero@romal.infn.it
and

loreto@romal.infn.it

Joachim Mathiesen
Department of Physics
Norwegian University

of Science and Technology
N-7491 Trondheim, Norway
Joachim.Mathiesen@ntnu.no

Hiroshi Matsukawa
Department of Physics and
Mathematics
Aoyamagakuin University
5-10-1 Fuchinobe
Sagamihara 229-8558
Japan
hm@phys.aoyama.ac. jp

Anita Mehta

SN Bose National Centre for
Basic Sciences

Block JD, Sector III Salt Lake
Calcutta 700 098, India
anita@bose.res.in

M. Mokhtari

Department of Seismology
The International Institute
of Earthquake Engineering



XX List of Contributors

and Seismology, (IIEES)
P.O. Box 19531

Tehran, Iran
Mokhtari@iiees.ac.ir

Shubhankar Mozumdar
South Point High School
82/7A Ballygunge Place
Kolkata-700019, India

Ramesh Narayanan

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064, India

M.D. Niry

Department of Physics

Sharif University of Technology
P.O. Box 11365-9161

Tehran, Iran
mdniry@mehr.sharif.edu

Md. Nurujjaman

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064, India

J. Peinke

Carl von Ossietzky University
Institute of Physics

D-26111 Oldendurg, Germany
peinke@uni-olden-burg.de

Luciano Pietronero

“La Sapienza” University
Physics Department

and INFM

Center for Statistical Mechanics
and Complexity

Roma, Italy
pietronero@romal.infn.it

Srutarshi Pradhan
Department of Physics
Norwegian University

of Science and Technology
N-7491 Trondheim, Norway
pradhan.srutarshi@ntnu.no

F. Raischel

Institute for Computational Physics

University of Stuttgart
Pfaffenwaldring 27
D-70569 Stuttgart, Germany

Valerio De Rubeis

Istituto Nazionale di Geofisica e
Vulcanologia

Roma, Italy
derubeis@ingv.it
tosi@ingv.it

Muhammad Sahimi
Department of Chemical
Engineering and Material Science
University of Southern California
Los Angeles

CA 90089, USA

moe@iran.usc.edu

Tatsuro Saito
Department of Physics
and Mathematics
Aoyamagakuin University
5-10-1 Fuchinobe
Sagamihara 229-8558
Japan

Asok K. Sen

TCMP Division

Saha Institute of Nuclear Physics
1/AF Bidhannagar
Kolkata-700064

India

asokk.sen@saha.ac.in

Prasanta Sen

Saha Institute of Nuclear Physics
1/AF, Bidhannagar
Kolkata-700064

India
prasanta.sen@saha.ac.in.



Bikash Sinha

Variable Energy Cyclotron Center
1/AF, Bidhannagar, Kolkata-700064

India
and

Saha Institute of Nuclear Physics

1/AF, Bidhannagar
Kolkata-700064
India

S. Tabatabai

Institute of Geophysics
University of Tehran

Iran
S.Tabatai@tabagroup.com

M. Reza Rahimi Tabar
Department of Physics

Sharif University of Technology
P.O. Box 11365-9161

Tehran, Iran

List of Contributors

and

CNRS UMR 6202
Observatoire de la

Cote d’Azur

BP 4229

06304 Nice Cedex 4, France
rahimitabar@sharif.edu

Patrizia Tosi

Istituto Nazionale di
Geofisica e Vulcanologia
Roma, Italy
derubeis@ingv.it and
tosi@ingv.it

M. Vesaghi

Department of Physics

Sharif University of Technology
P.O. Box 11365-9161

Tehran, Iran
vesaghi@sharif.edu

XXI



Contents

Part I Tutorial: Introductory Material

Statistical Physics of Fracture and Earthquake

B.K. Chakrabarti .......... ... . . . . . 3

1 Introduction .......... ... ... . . . .. 3

1.1 Models of Fracture in Disordered Solids and Statistics . ....... 3

1.2 Earthquake Models and Statistics.......................... 5

2 Fracture Statistics of Disordered Solids.......................... 7
2.1 Griffith Energy Balance

and Brittle Fracture Strength of Solids ..................... 7

2.2 Extreme Statistics of the Fracture Stress.................... 11

2.3 Failure Statistics in Fibre Bundles ................... ... ... 12

3 Two-Fractal Overlap Model of Earthquake and Its Statistics .. ... .. 19

4 Summary and DiScussions . .................ooiiii 23

References ...........o. o 25

Rupture Processes in Fibre Bundle Models

P.C. Hemmer, A. Hansen, S. Pradhan........................... ... 27
1 Imtroduction ............ ... ... 27
2 Equal-Load-Sharing Fibre Bundles ............................ . 30
2.1 Burst Distribution: The Generic Case ...................... 31
2.2 Burst Distribution: Nongeneric Cases....................... 34
2.3 Mapping onto a Random Walk Problem .................... 36
2.4 Crossover Behavior Near Criticality ........................ 38
2.5 Avalanche Distribution at Criticality ....................... 41
2.6 Recursive Dynamics................... . ... ......... ... 42
3 Fibre Bundles with Local Load Redistribution ................... 46
3.1 Stress Alleviation by Nearest Neighbors .................... 46
3.2 Intermediate Load-Sharing Models ......................... 48
3.3 Elastic Medium Anchoring . ................... ... ... .. ... 49

References ........... ... . 54



VIII Contents

Extensions of Fibre Bundle Models

F. Kun, F. Raischel, R.C. Hidalgo, H.J. Herrmann .................. 57
1 Introduction .......... ... i LY
2 Fibre Bundle Model of Materials Failure ........................ 58
2.1 Why Extensions are Necessary? ........................... 63
3  Gradual Degradation of Fibre Strength.......................... 65
3.1 Continuous Damage Fibre Bundle Model ................... 66
3.2 Macroscopic Constitutive Behavior......................... 67
3.3 Simulation Techniques............... ... ... ... ......... 69
3.4 Bursts of Fibres Breakings ................................ 70
4  Variable Range of Load Sharing . ............................... 72
4.1 Load Transfer Function................................... 72
4.2  Macroscopic Strength of Bundles .......................... 73
4.3 Microstructure of Damage ............... ... ... ... ... ..... 75
5 Damage Enhanced Creep in Fibre Bundles ...................... 77
5.1 Viscoelastic Fibre Bundle .. ............................... 78
9.2 Macroscopic Response . ........... ... .. ... .. 79
5.3 Microscopic Damage Process .............................. 80
5.4 Universality Classes of Creep Rupture ...................... 81
6 Failure of Glued Interfaces of Solid Blocks ....................... 82
6.1 The Beam Model of Interface Failure Under Shear ........... 82
6.2 Constitutive Behavior .......... ... ... . ... ... ... .. .... 83
6.3 Simulation Techniques........... ... ... ... ... ... ...... 85
6.4 Microscopic Damage Process ................. ... ... .. ..., 87
7 Discussion and Outlook ........... ... ... ... .. ... .. . . ... ... 88
References ....... ... 89

Survey of Scaling Surfaces

A. Hansen, J. Mathiesen. ............ .. ... . 0 uuuuunnnannn .. 93
1 Imtroduction ............. .. ... 93
2 Self-Affine Surfaces and Brownian Walks ........................ 93
3 Fractional Noise — White Noise. .. ............ ... ... .. .. ...... 95
4 Lévy Flights . ... 98
5 Fractal Surfaces . ............. . . 100
6 Multifractals. ........ ... 103
7 Multiafine Surfaces. . ........ ... .. .. 105
8 Anomalous Scaling of Self-Affine Surfaces ....................... 106
9 Conclusion . ........... ... 109

References . .......... 110



Contents X
Part II Physics Models of Earthquake
Some Early Earthquake Source Models
R BUBTidge swismsms smremims smimmin: 18355 (0 0@ @s s@ar 8 snigsns 113
1 Introduction s:me:ss smsms smsspsms smsnmims smsms smsemsms smgawems 113
2 The Double-Couple Point Source . ...... ... .. ... ... ... . ... .. 115
2.1 The Caleulation ... ie: snas sus ssems smssnims rasus imignins 116
2.2 Action, Reaction, etc. ....... ... . . i 116
2.3 The Double Couple ....... ... . ... 117
2.4 The Double-Couple Radiation Pattern...................... 117
3  The Block-and-Spring Model. ....... ... ... .. .. ... ... ... ... ..., 118
3.1 Computational Model ........ ... .. ... ... ... . . .. 122
3.2 Equations of Motion (Newton) ............................ 124
3.3 Energy Balance:u: s ius swsssses smsansas smsanius sniassas i 124
3.4 Numerical Experiment ............. ... .. . . . . . ... 124
3.5 Shock and Aftershock .......... ... .. ... . .. i 125
3.6 Potential Energy During an Aftershock Sequence
and at Other Times . . ....... ... .. ... . ... 126
3.7 Omori’s Formula for Aftershock Rate....................... 126
3.8 Peak Kinetic Energy and Energy Radiated Versus Drop
in Poténtial EREIEY w: cw:ws somsorsms smsmnsms cmens sm% 65655 65 127
4 Continuum Model: Numerical . ................................. 128
4.1 Mathematical Formulation .............. .. ... ... .. ... .. 129
4.2 Setting Up the Integral Equations ......................... 130
4.3 Integral Equation for Anti-Plane Strain..................... 130
4.4 Discretizing the Kernel ............ ... ... ... ... .......... 131
4.5 The Discretization of K ...... ... .. ... .. .. . . 131
4.6 The Integral Equation for v ......... ... .. ... ... ....... 132
4.7 TheSolutionfor o =y, ........ooiiiiiiiiiiiiiiiiin.. 132
4.8 Numerical Solution for Nucleation at a Point ................ 134
4.9 Plane SIrain :o: snims sosonins smsunsms suias s0s smsas 588 Jhia 134
4.10 The Numerical Scheme ......... ... .. .. .. ... .. .......... 136
4.11 The Numerical Solution ............ ... ... ... ..iiiuou.. 136
4.12 The Exact Static Solution for Comparison .................. 137
4.13 Another Numerical Solution............................... 137
5 A Dynamic Shear Crack with Friction........................... 138
5], The SetUpP cwsms smsmeims smoms sms amems ens smsms $usanims 5. 138
5:2 Initial Stress :uw: sosumsms swsmoimns cmss 355 susms 50505505 i85 i 139
5.3 Static Briction «: cu: s s s susmosmisnens cmn nmnme smemnsmesmnn 140
5.4 Dynamic Friction ......... . ... . 140
5.5 The Mathematical Formulation ............................ 140
5.6 Symmetry .. ... 141
5.7 Analysis Confined to the Planex =+0 ..................... 141
5.8 The Basic Integral Relationships........................... 142



X Contents

5.9 The Stress Ahead of the Crack ............................
5.10 The Crack Edge .. ..........oo i
5.11 The Stopping Locus. . ........... .. ..
5.12 A Simple Example: T =1—942 ... .. ... ... .. ... ......
5.13 The Residual Static Stress Drop ...........................
5.14 Radiated Far-Field Pulses............................... ..
6 A Model for Repeating Events ........................ccooii...
6.1 Equations of Motion ........... ... . ... ... ... ... . ... ..
6.2 OntheFault Plane .......... ... ... .. ... ... .. ..........
6.3 Nondimensionalization ............... ... ... ... ... .. ... ...
6.4 Rate of Strain Between Events .......................... ..
6.5 The Parameters for Repeating Events ......................
References . ...........ooi

Geometric Models of Earthquakes

P. Bhattacharyya . ............. o
1 Introduction ............... ...
2 The Cantor Set ...........ooooiiio
3 The Simplest Fractal-Overlap Model of a Fault...................
4 Time Series of Overlap Magnitudes .............................
5  Analysis of the Time-Series . .............. ... ... i,
6 Emergence of a Power Law ............ .. ... .. ...............
References .. ...

Friction, Stick-Slip Motion and Earthquake

H. Matsukawa, T. Saito .......... ... ... . . . . . e
1 Introduction ................ ...
2 BEICHIOT. « ims soeme smemmame SMEm5 s min wueomn s ome e e oiia s o s 5ats g
2.1 Velocity and Waiting Time Dependence of Frictional Force
and Earthquake ......... .. ... . ... ... . . ... . ...
2.2 Mechanism of Velocity and Waiting Time Dependence
of Frictional Force ............ ... ... ... ... .. .. . .. . .. ...
3 Stick-Slip Motion. ........... ... ...
4 Numerical Study of the Burridge-Knopoff Model .............. ...
4]l MOEL s e vmims sma amcas smmmmmeme vmemme v cmems smswmrms 555
4.2 Numerical Results ................ .. ... .. .............
5 Summary and Discussion ................... .
References

Statistical Features of Earthquake Temporal Occurrence

A Corral ...

1 The Gutenberg—Richter Law and the Omori Law

2 Recurrence-Time Distributions and Scaling Laws .................
2.1 Scaling Laws for Recurrence-Time Distributions .............
2.2 Relation with the Omori Law .............................

151
152



Contents

2.4  Universal Scaling Law for Stationary Seismicity..............
2.5  Universal Scaling Law for Omori Sequences .................
3 The Paradox of the Decreasing Hazard Rate and the Increasing
Time Until the Next Earthquake ............ ... ... ... ... .....
3.1 Decreasing of the Hazard Rate ............................
3.2 Increasing of the Residual Time Until the Next Earthquake . ..
3.3 Direct Empirical Evidence ............. ... ... .. ... . ....
4  Scaling Law Fulfillment as Invariance
Under a Renormalization-Group Transformation .................
4.1 Simple Model to Renormalize .............................
4.2 Renormalization-Group Invariance of the Poisson Process .. ...
5 Correlations in Seismicity .......... ..ot
5.1 Correlations Between Recurrence Times ....................
5.2 Correlations Between Recurrence Time and Magnitude . . ... ..
5.3 Correlations Between Magnitudes .........................
5.4 Correlations Between Recurrence Times and Distances .......

6 Bak et al’s Unified Scaling Law ........ ... ... .. .. ... .. ...
T ConcluSIONS . . . .ottt
References . ... ...

Spatiotemporal Correlations of Earthquakes
H. Kawamura . ........ ..
1 Imtroduction ........ ... . . i
2 The Model, the Simulation and the Catalog......................
2.1 The Spring-Block Model of Earthquakes ....................
2.2 The Numerical Simulation ................................
2.3 The Seismic Catalog of Japan .............................
3  Statistical Properties of Earthquakes............................
3.1 The Magnitude Distribution ..............................
3.2 The Local Recurrence-Time Distribution....................
3.3 The Global Recurrence-Time Distribution ..................
3.4 Spatiotemporal Seismic Correlations before the Mainshock . . . .
3.5 Spatiotemporal Seismic Correlations after the Mainshock . . ...
3.6 The Time-Dependent Magnitude Distribution ...............
4  Summary and DiScussion . . ............ i
References . .......oouiiniiiiii i

Space-time Combined Correlation Between Earthquakes

and a New, Self-Consistent Definition of Aftershocks

V. De Rubeis, V. Loreto, L. Pietronero, P. Tost .....................
JHETOCATCEION ;s swimpsms smims ims 30 HE CHIRNBINE IRIEBING IHIBRIBT 4
Scale Invariance in Space . ...
Scale Invariance in Time . ............ ... .. .. ... ...
Space-Time Combined Correlation Integral ......................
Time Combined Correlation Dimension .........................

Gl LW N

219
219



