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Complexity?
❖ Small Scale Geometric Complexities (“Off-fault damage”)

❖ Large Scale Geometric Complexities (branches, step-overs etc.)

❖ Structural (hydro-mechanical complexity)

❖ Loading (k-(1+H) stress distribution…)

❖ Friction (R-S law, Flash Heating, Thermal Pressurisation, Thermal 
Decomposition, Dilatant Strengthening …)

❖ Source (EQ, Slow EQ, LFE, VLFE, Tremors …)

❖ Speed (Migration, sub-shear, supershear …)

❖ Radiation (Spectral properties)



Geometrical Complexities at Various Scales
Mw 7.9 1992 Landers, California Earthquake Sowers et al. 1994



Zooming close to the fault plane : Hydro-Mechanical Complexities



Modelling Earthquake Cycles : Missing ingredients

Mitchell and Faulkner 2009

•Small Scale Geometric 
Complexities (“damage”)

•Large Scale Geometric 
Complexities (branches, step-
overs etc.)
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Role of off-fault damage (small scale geometric complexities) on a single 
earthquake rupture : Laboratory experiments 

Bhat, Biegel, Rosakis and Sammis (2010) ; Biegel, Bhat, Sammis and Rosakis (2010)



Homalite

Damaged Homalite



RUPTURE VELOCITY EVOLUTION
Homalite/Damaged Homalite

Bhat, Biegel, Rosakis and Sammis (2010) ; Biegel, Bhat, Sammis and Rosakis (2010)



Load and Loading rate dependency of brittle materials

Zhang & Zhao 2013

Rosakis 1999

Gueguen & Schubnel 2003



Incorporating Micro-Mechanics Based Rheology to Model 
Hydro-Mechanical Complexities

Micromechanical,Damage,Mechanics,:,General,Idea,

Let$W"be$the$Gibb’s$Free$Energy$density$of$a$damaged$solid$whose$damage$“state”$is$
characterized$by$D"(scalar,$vector$or$tensor).$Then,$

If$the$damaged$solid$solely$consists$of$microCcracks$and$Γ$is$the$posiFon$along$a$microcrack$
describing$its$amount$of$local$advance$then$the$addiFonal$free$energy$due$one$crack$is$given$by,"

Coleman$and$GurFn,$1967$;$Walsh$1965$;$Rice$1975$;$Budiansky$and$O’Connell,$1976$

W = W e(�̄) +Nv�W p(�̄, D)

ConsFtuFve$stressCstrain$relaFonship$is$given$by,$
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dt
= f(�, ✏,History, ...)



Represent the medium surrounding faults as an isotropic elastic solid that contains pre-existing 
monosized flaws, here represented by penny-shaped cracks that grow as wing cracks.

Hypothesis: under compression, tensile growing cracks induced frictional sliding are the major 
source of inelastic deformation in brittle material (shallow depths). 

Nv penny shaped cracks 
per unit volume 

• optimally oriented 
from a Coulomb 

friction perspective

• grow as soon as the 
shear stress on crack 
faces overcome the 
Coulomb frictional 

resistance.

  

Do =
4
3
π αa( )3Nv

  

D =
4
3
π l +αa( )3Nv

Initial damage: Damage when tensile wing-cracks 
have grown to length l:

Incorporating Micro-Mechanics Based Rheology to Model 
Hydro-Mechanical Complexities



Gibbs%Free%Energy%of%Damaged%Solid%

Regime%I%:%Linear%Elas9c%(No%Fric9onal%Sliding)%

Regime%II%:%Sliding%Flaws%and%Growing%Wing%Cracks%

Regime%III%:%Tensile%Flaws%

We%can%then%derive%the%cons9tu9ve%stressGstrain%rela9onship%for%a%damaged%solid%

✏ij =
@W

@�̄ij
Mijkl =

@2W

@�̄ij@�̄kl

W σ,D( ) =We σ( )+ NvΔWi σ,D( )
elas%city* inelas%city*

Incorporating Micro-Mechanics Based Rheology to Model 
Hydro-Mechanical Complexities



Incorporating Micro-Mechanics Based Rheology to Model 
Hydro-Mechanical Complexities

Freund (1973) showed that for an unbounded body subjected to time independent 
loading, the dynamic stress intensity factor at a running crack-tip can be expressed 
as a universal function of instantaneous crack-tip speed, v(t), multiplied by the 
equilibrium stress intensity factor for the given applied loading and the instantaneous 
amount of crack growth i.e. 
 
 
 
 
 
 
In doing this we make the explicit assumption that the characteristic time associated 
with loading is much larger than the corresponding time associated with crack growth 

Elastodynamics : Converting Static KI to a Dynamic KI 
 Bhat, Rosakis and Sammis (2012) 

KAS,d
I (v, �̄, ⇥̄ , D) ⇡ (1� v/cR)q

1� v/cp
KAS

I (�̄, ⇥̄ , D)



Laboratory Based, rate 
sensitive 
Crack Growth Law

Incorporating proper micro-crack growth physics to capture dramatic 
strain-rate dependence of brittle materials



from experiment 

Bhat,&Rosakis&and&Sammis&(2012)&

from experiment 
Dynamic Initiation Toughness 

Dynamic 
Propagation 
Toughness 

from elasticity 

Stress Intensity 
Factor 

Incorporating proper micro-crack growth physics to capture dramatic 
strain-rate dependence of brittle materials



Dynamic Damage Mechanics
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Dynamic Damage Mechanics (Acoustic Emission)

Evolution of micro-crack speed under uniaxial loading Normalised acceleration of a 
family of micro-cracks

Fully dynamic crack growth law allows for acceleration and deceleration of micro-cracks



Earthquake Rupture with Dynamic Off-Fault Damage



Evolution)of)the)state)parameter)D)that)
corresponds)to)the)density)of)micro6cracks)
in)the)medium)

D)=)0):)Uncracked)medium)(linear)elastic))
D)=)1):)All)cracks)are)connected)(granular)

The)slip)velocity)along)
the)fault)plane

2D#right)lateral#fault#inside#an#homogeneous#
medium#(Granite),#where#damage#is#only#occurring#

on#one#side.



Earthquake Rupture with Dynamic Off-Fault Damage



Earthquake Rupture with Dynamic Off-Fault Damage 
Fault normal velocity Spectra
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Earthquake Rupture with Dynamic Off-Fault Damage
PASSELEGUE ET AL.: DYNAMIC PROCESSES OF STICK-SLIP X - 51
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Figure 8. High frequency radiation during stick-slip motion. a. Continuous normalized

waveform corresponding to all STE recorded during experiment WGsc3. b. Spectro-

gram of frequency content of a single stick-slip event as a function of the cumulative

displacement along the experimental fault at 10 MPa confining pressure. The color bar

corresponds to the normalized power density also presented in c. (blue to red from 10�4

to 100. c. Comparison between the spectrum of six STE at respectively 10, 50 and 100

MPa of confining pressure (first and last events in each condition)

D R A F T February 2, 2016, 11:42am D R A F T

the station prevents quantification of the distance between
the fault and the station. We have rotated this record to the
average local strike of the fault system, 146° (Fukuyama
et al., 2003).

The comparison of our synthetic seismograms and the
strong motion records is only meant to be qualitative, given
the 2D nature of our simulations. However, the main features
are remarkably similar. Beginning with the hypocentral
P-wave arrival, the fault-normal component begins a gradual
decrease until the hypocentral S-wave arrives; this motion

comes from the near-field and intermediate-field P-wave
terms (Aki and Richards, 2002). This is seen in our syn-
thetics and the TTRH02 record but has the wrong sign in
the LUC record. This might be due to the significant change
in strike of the fault segments hosting the Landers rupture or
the instrumental correction that was applied to recover long-
period static offsets (Chen, 1995). Sustained strong shaking
with positive fault-normal velocity commences with the
hypocentral S-wave arrival and continues as shear waves
radiated ahead of the rupture arrive at the station. These
motions are seen between 7.5 and 10.5 s in the synthetics, 8.5
and 10 s in the LUC record, and 6.5 and 7.2 s in the TTRH02
record. Amplitudes are large due to forward directivity. The
high-frequency oscillations arise from short bursts of radia-
tion that occur when the rupture accelerates or decelerates, as
seen in Figure 8. Shaking subsides as the rupture passes,
which provides the negative fault-normal motion that com-
pletes the well-known two-sided velocity pulse.

Discussion

We have investigated the role of fault roughness in the
earthquake rupture process, using numerical simulations
that include both strongly rate-weakening fault friction
and off-fault plasticity. Accounting for inelastic deformation
near the fault is essential to prevent large-scale fault opening.
Roughness with amplitude-to-wavelength ratios between
10!3 and 10!2 leads to an irregular rupture process, even
if the initial stress field is spatially uniform. This irregularity
manifests itself in heterogeneous slip distributions and
fluctuations in rupture velocity; both contribute to high-
frequency ground motion.

As expected, production of high-frequency radiation
increases with increasing levels of roughness (specifically,
the amplitude-to-wavelength ratio α). In addition, high-
frequency waves are most efficiently generated when the
background stress is just barely larger than the critical level

(b)(a) Lucerne Valley
1992 Landers earthquake
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Figure 7. (a) Fourier amplitude spectra (FAS) of fault-normal acceleration corresponding to seismograms in Figure 6a windowed between
8 and 20 s to avoid the overly sharp hypocentral S-wave arrival due to the artificial nucleation. The absence of roughness wavelengths below
λmin prevents the excitation of waves at frequencies greater than ∼cs=λmin. (b) FAS of Lucerne Valley record (fault-normal component) shown
in Figure 6b. The color version of this figure is available only in the electronic edition.

Figure 8. Snapshots (at time t " 120R0=cs " 10:3926 s) of
the velocity field for α " 10!2 as the rupture passes the station
(triangle) at which seismograms in Figure 6 are calculated:
(a) fault-parallel (vx); (b) fault-normal (vy). The hypocentral shear
wave is marked “hypo S.” Note that 1 m=s " 1:295csΔτ=G. The
color version of this figure is available only in the electronic edition.

2316 E. M. Dunham, D. Belanger, L. Cong, and J. E. Kozdon

High frequency 
radiation from damage.

Lab experiments on 
saw cut westerly 

granite

Passelègue et al. 2016 Dunham et al. 2011

High frequency 
radiation from self-

affine fault roughness.
Numerical experiments

High frequency 
radiation from damage 
and/or self-affine fault 

roughness?
Field evidence 



Conclusions and Perspectives 

Physics based Micro-mechanical homogenisation of smaller scale geometric 
complexities (off-fault damage) allows/will allow us to capture : 

1) Inter-play between on fault dissipation processes (friction) and off-fault dissipation 
processes (damage)

2) Dynamic evolution of the wave speeds in the medium (dynamic bi-material effect)

3) Generate high frequency radiation from a planar fault with uniform friction and stress

4) The coupling between larger scale geometric complexity and damage

5) The effect of permeability enhancement on post seismic response

6) Depth dependence of damage zone

7) Recovery of wave speeds due to crack healing


