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‘ Damage 1: Microcrack and void generatiod

Differential Stress (MPa)
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Brittle-ductile behavior in lithosphere connects the pomgtle/frictional-sliding regime
and the viscous/ductile regimes



‘ Damage 2: Grainsize reductio:'

e Mylonites indicate that grainsize reduction causes stogalization in lithosphere
during creep such as through dynamic recrystalization.

e Fault gauge involves grainsize reduction by cataclastcgsses



Two-Phase Damage Theory]

Basic Hypothesis:
e Cracks, fractures= voids ........... Implies 2
phases:
— “matrix” (host rock)
— “fluid” (void-filling medium, e.g., water,
or air)

e Deformational work goes into making voids
or cracks

e Energy to make voids/cracks:
~ surface energy on fracture surface

~ surface energy on interface between
phases



Approach (mild tutorial) I

e Start with twosimple viscous materials calleahatrix (= host) and
fluid (= void filler)

— Basic properties: densitie,f,, p¢), ViScosities (i, (. r), etc.

e Mix them “simply” (isotropic, no phase changes)




Mixture’s additional properties I

e Location offluid pores andmatrix grains:

1,in pores

0,in grains
such that fluid and matrix volumes within total volumg are
oV = / OdV, oV, = / (1 —0)dV
oV %
e Location and orientation ahterface VO and interface area:

5A, _/ VO|dV
%

e Interfacial surface tension (energy):



Continuum theory I

e Can't track individual pores, grains and interfaces: usangties that areolume-averaged,
continuous(i.e., exist at all points):

— Porosity (fluid volume fractionp = - [, ©dV
— Interface area per volume(¢) = 5+ = A¢*(1 — ¢)° where

A ~ (grain/pore — size) ™ '; a,b < 1 and interface curvature da/d¢

e Get governing equations in termsaferagedguantities, e.g., velocities
1 / t'r'ue@dv 1 / t/r'u€<1 @)dV
V= ——— \% y Vm — Vim o
VY SV S (1 =)oV Jsv

e Until symmetry breaking assumption is made (regardinged#iice between phases),
equations should be invariant to a switch of indigeandm (and¢ with 1 — ¢).




Mass conservatioEI

e Growth in fluid volume governed by influx/efflux of fluid throbhgurface exposure
of pores on control volume; likewise for matrix volume:

e Result: equations for volume-fraction of pores and grains:

O _ d(1 — ¢)
¢ TV lovs] =0 5

+ V-1 =¢)vim] =0



‘ Momentum conservation (force balance'

e Body force, e.g., gravityg |, acts on pores and grains

e Fluid and matrix pressures’s, P,,, |and stressgsr ¢, T,,, |@ct on surface

exposures of pores and grains

e Interaction force: fluid surface forces (e.g., drag) actngmatrix through their
Interface and vice versa



‘ Surface energy in two-phase theor’

e Surface tensiofy | acts as line force on intersection of interface with surface

e Surface energy exists at interface

— Interface area per volume = A¢*(1 — ¢)? where
A ~ L - a,b < 1and¢ is fluid volume fraction

grain/pore—size’

— Interface curvature- da/d¢



Interaction (body) force I

e Forces acting on fluid through interface (by matrix + integn
e ... and on matrix through interface (by fluid + interface).

e Includes:

— Common pressure force

— Common viscous drag=c(v,, — vy)

viscosity
permeability

wherec ~

— Interface surface tension



‘ Resulting momentum equationj

0=—¢[VP;+psrg2] +V - [T ]
+cAv 4+ w [(P, — Pf)V¢ + V(ya)]

Fluid:

Matrix:
0=—(1~¢)[VPn+pmgz] +V -[(1-9¢)T,,]

—¢AV + (1~ w) [(P — P) V6 + V(7))
where stress is . = p; (Vv; + [Vv;]* — 2(V - v;)I) with j = f or m.
average and difference quantities are- ¢qs + (1 — ¢)qm andAq = ¢ — ;.

w represents extent to which surface tension/energy is eddokith one phase or the other;
for solid matrix and liquid fluidv = 0.



‘ Energy Equations: Heating and Damagﬂ

e Consider all input and growth of energy in fluid and matrixgam interface:

e Heat (entropy related):

~ ~

— 2
_DT D ([ dy dy o - Do
2L 72 () TPy . 5=Q-V.q+ B[ =2 1 — )0
e L (a ) oszV v=Q—-V-q+ (Dt) + (1 - f)

W n

where “~” means frame of reference of interface (ie.= wvy + (1 — w)v,,)



Interface Work and Damage'

e Equilibrium:

do
P, — P 0
f T Yo
e Quasi-equilibrium
do qu
P, — P —B—
T3 = D

e Far from equilibrium(assume for now 1l/grainsizé is constant):

. 2
Do Do
(Pm—P d¢) - B (Dt> v

where the deformational work is

U = cAv? + OAVA'S. T+ (1—-¢)Vvy, 1,

Partitioning argumentl — f = fraction of deformational work going into
dissipative heatingf = remainder “stored” on interface, leadsdamage



Pressure jump'

Matrix ‘

B=K

e Micro-mechanical model:

o(1—9)

whereK is a dimensionless constant©f1)




\ McKenzie 1984 Limit'

o Fory=0andus < pn, (hencew ~ 0)

AP:%V-VWL

since in this cas%—i5 = % =(1-¢)V - v,

e Recovers the McKenzie 1984 momentum equations exactiymasg a “bulk
viscosity” of K 1, / ¢.



‘ Recent application: Source-sink driven 2D flow (BRZOOEI

e \elocity now given by
v,, = “‘compressible” potential flow + toroidal flow + poloidal flow

Vi = VO+V X (¥z2) + V X V x (W2)

or

v, =V(0+&) +V x (¢¥z) where fz%—z/

e Source-sinkS prescribes poloidal flow; vertical vorticit§2 determines toroidal
flow; dilation rateGG determines “compressible” dilational/compactive patdnt

Vie=8 Vi=-Q V=G

e S imposed; but equations fét andG are given by combined force and damage
equations and are ugly:

VZQ = [ugly mess]
V2G = [hideous mess]



Void generating vs grain/void size reducing damag'

e Recall interface area density defined as

a = An(¢) where 1(¢) = ¢*(1—¢)°
anda, b < 1.
e A is effectively the inverse of the average grain and/or vaad.s

e If now we considerd as a variable, and allow damage to incur non-void interfac
growth then

dn D¢ EA_ D¢ D¢
e Dt T — T B _B<Dt) t e



e Assuming deformational work partitions between void and-moid interface
growth, f = fs + f.1 we have

dn D¢ D¢ D¢
A5y =P~ P B () g
DA
My = Ja¥

e Also allow for grain-size dependent viscosity (using dsffon creep model for a
general relation):

fm = po(Ag/A)™



\ 2-D source-sink flow tests..'

e S = driving source-sink flow field

e (G = void-generating dilational flow field
e () = toroidal (strike-slip) vorticity field

e v; = velocity

e ¢ = void fraction (porosity)

e A = inverse grain/void-size



‘Void-generating damage:.f, = OI
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Void-generating damagﬂ
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Void-generating damage generates strong dilational fireltlénhances apparent
poloidal flow (even causes monopolar flow) and inhibits stskp/toroidal flow



Fineness generating or grainsize reducing damage;, = OI
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Fineness-generating (“grainsize reducing”) damag
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e Fineness-generating (grain-reducing) damage does maveyeven suppresses) dilation
and facilitates plate-like strike-slip/toroidal flow

e However, this treats only mean grainsize, not distributbgrainsizes and thus cannot trea
healing (graingrowth/coarsening) simultaneously witmdge



