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Seismic event : Unstable slip along a pre-existing
mature fault (stick-slip instability)

Fault zone embedded in an Conceptual model of a spring slider

d. v
—

elastic crustal block system |
o)
T p_, T ‘l

—

—_

v

Iy

stable

unstable

h
e

Key factor for the
nucleation of seismic
slip : Softening of the

“. shear resistance of the

fault zone
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Example of

coupled processes
during seismic slip
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Thermal decomposition of
carbonates in fault zones:
Slip-weakening and
temperature-limiting effects

(edIN) ainssaud alod

-The endothermic chemical reaction limits
the co-seismic temperature increase

- Pore pressure exhibits a maximum and
then decreases due to the reduction of
solid volume (pore pressure pulse)

(edIN) ainssaud alod

- Weakening/restrengthening of the shear
stress

Sulem & Famin, (2009), J. Geoph. Res.



A key parameter :
Size of the localized zone



ADIABATIC SHEAR BANDING



Adiabatic shear-banding (1/3)

y T
T4 / /f // Strain rate hardening
W / and

Tc / v

T(V,T) Temperature softening

y;
or : .
H = 0_ (> 0) :strain rate hardening modulus
14
= ﬂ (<0) :temperature softening coefficient
oT

Simple model: T=7,+H (V‘Vo) t f(T _Ts)

TS . threshold for temperature softening



Adiabatic shear-banding (2/3)
V

We consider a shear experiment at constant strain rate yo = —

Assumption: all the frictional energy is converted into heat l o

pCT =19, = (1, + £(T - T,)) ¥, E
att=0:T =T_ andr =1, M) —|E

y4 T T
OC : specific heat —

X

Integrating the above differential equation we get:

T=T, +i(1— exp(%tj]
=€ pC r
T.=T, exp(%t) =1, ex;{i j
pC pC

fort » oo:T QTS+h andt - (



Linear stability analysis of adiabatic shear-banding (1/5)

To study the stability of adiabatic shear banding we perform a linear
perturbation analysis of the uniform solution

\
T)=T®+T(zt)  T(z1)=Aexp(s) exg{ 21 ”

V(zt)=y,z+V,(z1) Z<

r(zt)=T(t)+71,(z1) V,(zt) = BeXp(St) exp{ 27 ;)

_ . Z)

7,(z,t) = Dexp(st) ex;{ Zn;)

sis thegrowth coefficienin time of the instability

A=h/N is thewave lengtiof the instability N=1,2,... wave number)



Stability analysis of adiabatic shear-banding (2/5)
Governing equations (with heat diffusion term)

Constitutive equation:

T:T0+H(}°/—}'/O)+f(T—TS) £ |_|2_77i -1
Energy balance: A A (0
: 0°T |\ _ . pC(s+ Cth(mjz} —Toﬂ -y || B|=|0
pC(T-CmE]—TV P p 51 1o
Momentum balance: 0 0S —27”'
or _ oV
az "ot
Cy, - thermal diffusivity For non trivial solution : (A,B,C)#(0,0,0)

4

2\ . . 21\’ 217
IOCIOSZ+[IOC(IOCth+H)(7]Tj _fpyo)5+€ro(7j +:0CCthH (7) =0

Stability condition: All the roots of the characteristic equation have a negative
real part



Stability analysis of adiabatic shear-banding (3/5)

For strain rate and temperature softening (H < 0 andg < 0), the uniform
solution is unstable for all wave lengths of the perturbation

For strain rate hardening and temperature softening (H > 0 and¢ < 0)

Stability condition:

2
ér1, +ctthC(27ﬂj >0« A<A,,withA, = 27T\/C”‘I;(I'0C
- &1,

Perturbations with wavelengths shorter than the critical value will decay
exponentially; those greater than the critical value will grow exponentially.

Only shear zones with a thickness h < A_/2 will support stable homogeneous
shear.



Stability analysis of adiabatic shear-banding (4/5)

Numerical example
Growth coefficient s

C, =1mnt /s s
- (7
Iy = /0MPa 300; }5) (1)
H = 0.05MPa.s |
& =-0.5MPa/°C ) l, l
I 0

c,,HpC 1004

A =27 |G | ee—s o

cr —fz'o o . e

'~ 10 20 30 40 50
(7, = 70MPa) = 0.39mm _ oo/ \

Acr
Ao (TO - O) - % - 200 Aer 1

ForA 2 ﬂcr the growth coefficient s of the instability reaches a maximum for
a particular wave length A

Shear will localize in narrow zones with a size controlled by the wave
length with fastest growth coefficient of the instability
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Stability analysis of adiabatic shear-banding (5/5)

Profile at t=0.

Mode (1) Evolution in time and space of the strain rate
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THERMAL PRESSURIZATION OF THE
PORE FLUID : A MECHANISM OF
THERMAL SOFTENING



y4

Undrained adiabatic shearing of a saturated rock layer

On mass balance:a—IO = /\a—T
V/2 ot ot
energy balancea—T = i(a -p) f v
UZ(Z,t) —lf. T at p C " h / 2

—|El— (" v f=f+Hlog¥

u(z,t) T o T A :F Yo
S| is the rate-dependent friction coefficient

X -
'V/2 Af _An

Solution: A
:Bn +:8f

FA : . L
D=p,+ (Jn _ po)Ll_ exp(_p_cyot )j is the coefficient of thermal pressurization
(typical values: 0.1 to 1 MPa/°C)

(On_p) fA
T=T,+ L 1-exp-— Wyt
0 A ( Xpg c Vo )}

The pore-pressure increases towards the imposed normal stress g, .

In due course of the shear heating and fluid pressurization process, the shear
strength T is reduced towards zero. -



Linear stability analysis of undrained adiabatic shearing of a
saturated rock layer
Stability condition: Rice et al., (2014), J. Geoph. Res.

HoC (Cth u Chy)

A< A :
fA (f,+2H)y,

with A, = 277

cr?

Only shear zones with a thickness h < A_/2 will support stable homogeneous shear.

Competing processes: Fluid and thermal diffusion and rate-dependent frictional
strengthening tend to expand the localized zone, while thermal pressurization tends
to narrow it.

For representative material parameters at a seismogenic depth of 7km, V=1m/s, h=10mm

A, 12=3um for intact material, 28 m for daneymateria

The localized zone thickness may be comparable with the gouge grain size



LOCALIZED ZONE THICKNESS AND
MICROSTRUCTURE

Stability analysis of undrained adiabatic shearing of a rock
layer with Cosserat microstructure

Sulem, Stefanou, Veveakis, (2011), Granular Matter

Strain hardening elasto-plasticity for 2D Cosserat continuum



Rock layer at great depth (7km)

Cosserat continuum

— Cosserat terms are active only in
the post localization regime

— Microinertia

— Wave length selection is
obtained (wave length with
fastest growth in time)

Cauchy continuum

— The critical hardening modulus for
instability is unchanged (h_ = 0.015).

—The growth coefficient tends to
infinity for the infinitely small wave
length limit (ill-posedness).

Real Part of Polynomial Roots for h=0.0148
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Wavelength selection

400}
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200F

100}
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0.000 0.002 0.004 0.006 0.008 0010 0.012 0.014

h
*The selected wave length decreases with decreasing hardening modulus and

reaches a minimum (for A~200).

A is the wave length normalized by the internal length of the Cosserat model R
(grain size).

eWith R=10um (grain size for highly finely granulated fault core) the obtained
localized zone thickness is about 1mm which is compatible with field
observations of localized shear zones in broader damaged fault zones.



Effect of chemical reactions such as thermal
decomposition of minerals on the localized zone thickness

Veveakis, Sulem, Stefanou, (2012), J. Stuct. Geol.

Mass balance : Pore pressure diffusion and generation
2

ap_/\a_T+Ch 0 2p+ 1*6md_ 1*5”(1

ot ot Y0z p B ot [ ot

Fluid
production

Porosity increase
n)

Thermal
pressurization diffusion (solid decompositio

Energy balance
2

M _ TP, 1 v 1 e0m
2= pPC 0Z M, PC ot

ot

Heat

diffusion chemical reaction

heat

Frictional [Heat consumed in the




Example: Thermal decomposition of Carbonate

CaCoO, CaO + CO,

calcite lime

For representative material parameters at a seismogenic depth of 7km, a
selected wave length of 4-5 * Cosserat length scale is obtained

The shear band thickness is initially controlled by the thermal pressurization
and can be reduced when the temperature of the slipping zone reaches the
critical temperature of mineral decomposition (about 700°C for carbonates)



CHEMICAL DEGRADATION AND
COMPACTION INSTABILITIES IN
GEOMATERIALS

Shortening

Stefanou & Sulem, (2014), J. Geoph. Res



Theoretical framework for deformation bands formation

Criterion for compaction bands
without dissolution: B+ i/ < -J3

J3

Associate plasticity: = yy=——
2

de,=pdy,>0

Issen & Rudnicki (2000)

{ is a chemical softening parameter

(e.g. Grain Dissolution)

e.g. Nova et al. (2003), Int.J.Num.An.Meth.Geom.
Xie et al. (2011) Int.J.Rock Mech. Min. S,
Hu & Hueckel (2007), Int.J.Num.An.Meth.Geom.




Distinction of scales

Macro-scale / Elementary
volume (REV)

- Constitutive behavior

- Momentum balance

- Mass balance

Micro-scale / Single Grain

- Reaction kinetics of
dissolution

- Grain crushing

24



Reaction kinetics (micro-scale)

solid +solvent]  solutiol
(3) (1) (2
e.g. dissolution of quartz ~ SIO, (solid)+2H, O(liquid)]  H, SiQ (aqueous salom)

or carbonate CaCQ, (solid)+H CQ (agqueous solutioh)  (Ca HJO gqu@ous solutior

is the mass fraction of the dissolution
2 product in the fluid

W2 kD is a reaction rate coefficient
e is the void ratio

is the specific area of a single grain of

SO~
D diameterD

25



Evolution of the effective grain size
Grain crushing (micro-scale)
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Lade et al. J. (1996), J. Geotech. Engrg.
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a

Baud et al. (2009)

is @ material constant which describes

grain crushability

is the total energy density given to the

system
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Constitutive behavior (macro-scale)

1
W :V—jwzdv=w2+€§

f=g°+M°p(p-p)=0

p.=pr—(Pr—P) "

Non local chemical softening

aZ__/jgperaVVlzvl
ot  tp, Ot

0°W,
0z°

TV,

EC characteristic length

9 Modified Cam-Clay plasticity model
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Mass balance (macro-scale)

Pr _¢ m2p, - 1 de . ow,
S V2 A S
Chy Is the hydraulic diffusivity
N is the porosity
,Bf is the fluid compressibility
Cp,ch Is the chemical pressurization coefficient
P: s pressure of the fluid

&

is the volumetric strain

28



Linear stability analysis of oedometric compaction

u,(zt)=u; +0,(zt) a,(zt) =Ue co{;zj
P (24) =0} 4B (20)  p,(a0)=persin 2]
W, (z,t) =w, +W,(zt) Wiy (zt) =We® sinGj

s is the growth coefficient of the perturbation (Lyapunov exponent)

29



Numerical example : Compaction banding in a reservoir

Carbonate grainstone

Elastic constants Physical properties Initial stress
sw00mst et
G =5GPa D =0,2mm o, [ 45MPa
Cam clay yield surface N=0.25 Py 1 15MPa
Pz = OMPa Chemical parameters

0, =30MPa k' =10° mols* m?

M=0.9 Grain crushing parameter: ~a=0.5 MPa

30
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Linear Stability Analysis & zones of instability
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Oedometric stress path
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Wave length selection — influence of the hydraulic diffusivity
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Wave length selection — influence of grain crushing and

dissolution rate
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Conclusions

Importance of coupled processes in seismic slip: shear heating,
pore fluid pressurization, thermal decomposition of minerals...

Thermal decomposition of minerals can explain the lack of
pronounced heat outflow along major tectonic faults

A key parameter : thickness of the localized zone
(competition of several length scales)

Thickness and periodicity of compaction bands: a new chemo-

mechanical model with strong coupling that accounts for the
increase of dissolution kinetics rate because of grain crushing
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