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Effect of temperature on rocks physical
properties

- The anisotropy of rock minerals thermal expansion may lead to
internal stresses and to microcracking

- The heterogeneity of the mineral composition of the rocks
induces heterogeneous thermal deformation at the grain scale
leading to intergranular and intragranular cracking

- Thermal decomposition of minerals: e.g. dehydration of clay
minerals, decomposition of carbonates



Effect of temperature on the
mechanical behaviour of rocks
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Thermal behaviour of clayey materials

Augmentation of temperature can Volumetric deformation of Boom clay under
induce dilatancy or contractancy of the thermal loading (after Sultan et al 2002)
soil depending on the state of stress, the '® T
thermal and mechanical history. “ R A P ;,.v"‘"’

- ¥ ren .-:// " pom=1
Thermal volumetric strain g ;
e increases with plasticity index o
e js independent of the applied stress for -t =120
normally consolidated state ® Sty
e depends upon the over-consolidation ] sy
ratio (OCR) of the soil: at low OCR it is 04— —+—— T
contractant, at high OCR it is dilatant ! ’ 1 %) : ’

and then contractant
e js reversible (elastic) and contractant in
cooling



Drained heating test on Opalinus clay

Heating rate=1°C/hr

Monfared et al, Rock Mech & Rock
Eng., 2011

Temperature (°C)

ot contraction
Dilation b

-0.002 0.002 0.004
Volumetric strain (-)

Confining pressure=4.1 MPa, o, = 6. 4><10_5 /°C

Pore pressure=2.2 MPa



Elasto-plastic undrained thermal pressurization
coefficient

At =An AP -AF

A =
IBH_I_IBf n(ﬂn'":gf)

Typical values of the thermal pressurization coefficient

Clay: 0.01 to 0.1 MPa/°C
Rock: 0.05 to 1 MPa/°C



Experimental evidence of thermal
activation of shear failure



Thermal activation of shear failure on Boom Clay
hollow cylinder sample

Thermal pressurization of the fluid during undrained heating is a
mechanism of shear strength weakening in relation with the

reduction of the effective stress.

L]ndrained
heating

Shear stress

Shear loading

Mean effective stress



Hollow cylinder apparatus for testing
geomaterials with low permeability

Hollow cylindrical samples:
internal diameter: 60 mm
external diameter: 100 mm
height 75 mm:

Drainage path: 10mm
(half-thickness of the hollow cylinder)



General Setting

PT: Pressure transducer

PVC: Pressure Volume controller
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Thermo-mechanical test on Boom clay

T=65 °C
T C

Monfared et al, Eng. Geol.2011

3.25 MPa

>
P

AB: Isotropic loading at constant
temperature (25°C) up to
3.25MPa of confining pressure

BC: undrained heating under
constant stress from 25°C to 65°C

CD: Drained cooling

DE: Undrained shearing test at
constant total mean stress up to
maximum deviator

EF: Axial stress relaxation

FG: undrained heating under
shear



Pore pressure (kPa)

2000 — T T=65°C

BC: undrained heating under
8| 3.25 MPa constant stress from 25°C to 65°C

Thermal pressurization coefficient

A=35kPa/°C
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DE: Undrained shearing test at constant total mean stress
up to maximum deviator
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Thermal effects during seismic slip



Energy partitioning during an earthquake

During an earthquake, the potential energy (mainly elastic strain energy
and gravitational energy) stored in earth is released as:

e Radiated energy : Energy radiated by seismic waves
log,,E ~ 4.5+ 1.5M,, (Ein joules, M, is the magnitude of the earthquake)
For example for M, =7, E = 10*> Joules, for M, =9, E = 10!8 Joules

e Fracture energy: Energy associated with expanding the rupture area over
the fault zone

e Thermal energy: Part of the frictional work (energy required to
overcome fault friction) converted into heat

More than 90% of the mechanical work is dissipated into heat

Thermally induced weakening mechanisms are of major importance
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Thermally induced weakening mechanisms (1/3)

Frictional heating and thermal pressurization of pore fluids
*The permeability of the highly granulated fault gouge is very low.
e Fluids and heat are trapped inside the slip zone during an earthquake

Thermal pressurization of the fluid occurs because the thermal expansion
coefficient of water is much greater than that of the rock particles.

Frictional heating is a mechanism of shear strength weakening because
thermal pressurization of pore fluid reduces the effective stress

(Lachenbruch, 1980, Vardoulakis, 2002, Sulem et al. 2005, Rice 2006, Ghabezloo
& Sulem, 2009).

Thermal pore fluid pressurization also occurs in large landslides (Habib,
1967, 1975, Vardoulakis, 2002, Veveakis et al, 2007)
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Thermally induced weakening mechanisms (2/3)

e Flash heating and shear weakening at micro-asperity contacts: stress
concentration and intense localized heat generation at contacting

asperities (Rice, JGR, 2006, Beeler et al. JGR, 2008)
e Lubrication of the fault plane:
Formation of a macroscopic melt layer
Gelification in wet silica rich fault zones
Production of nano-particles during slip

(Di Toro et al., Nature, 2004, 2011).
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tion veins on the Alpine Fault of Gole Larghe, Italy
(Di Toro et al., 2005, Nature)

injec

Pseudotachylite



Microstructure pseudotachylytes in
Nojima fault, Japan

(Otsuki et al, JGR, 2003)
folds in the pseudotachylyte

rotational structures in a
pseudotachylyte layer

pseudotachylyte intruding
into a gouge layer




Tohoku earthquake (Mw9.1, March 2011)

Shallow rupture propagation up to the surface (coseismic slip > 50 m)
in a clay rich fault zone (5 m thick)

Dynamic weakening

Oggﬁgk ‘ " 4 mechanism:

D21419

Y Shear heating and thermal

D21401

v pressurization of the pore
fluid

Aepicenter (depth of 22 km)

Japan Trench Drilling Program
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Undrained adiabatic shearing of a saturated rock layer
Destabilizing effect of shear heating and pore fluid pressurization

Y Shear strain and volume strain

ou ou

X Z

L /= oz 0z

7}02

<

slip
L Uniform state of stress in the layer

X VI Jdr _ . 0o _

. —=0
Siip 0z 0z

It is assumed that the layer is at critical state (constant friction, no dilatancy)

r=u(oc—p)
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Pore fluid production and diffusion equation:

op 0°p A@T_ 1 on®

—=C,—+
ot " o7 ot B ot

*

ﬂ’f _ﬂ“n
A =
ﬂn +ﬂf

is the coefficient of thermal pressurization

(typical values: 0.1 to 1 MPa/°C)

*

S = n(ﬁn + . ) is the storage coefficient.

C, =K /(Bn;) isthe hydraulic diffusivity

Energy balance equation

o __FT .1
o "o oC

C, =K / pC s the thermal diffusivity



Spatially uniform solution under undrained adiabatic conditions
The drainage and the heat flux are prohibited at the boundaries of the layer.
gd; =0andq, =0
The normal stress G,, acting on the sheared layer is constant.
o=0

The undrained adiabatic limit is applicable as soon as the slip event is sufficiently
rapid and the shear zone broad enough to effectively preclude heat or fluid
transfer (e.g. earthquakes, landslides).

Summary of the governing equations

mass balance: @: A oar
ot ot
energy balance: or - 1 (o, - p)ﬂ};

oo pC* "
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Spatially uniform solution under undrained adiabatic conditions

Solution:

A .
P= Do +(O'n - po) 1—eXp(—:Z—C7ot)

A .
1-exp(—£= 7t)
pC

In undrained adiabatic conditions, the pore-pressure increases towards
Its geostatic limit o, which corresponds to full fluidization exponentially

with the slip displacement.

In due course of the shear heating and fluid pressurization process, the
shear strength t is reduced towards zero.
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Temperature (°C)

Example: Fault zone at 7 km depth

Initial conditions: T =210°C, p, = 70MPa, o, =180MPa

Slip velocity: 1m/s; Shear band thickness: L=5mm

Maximum temperature: T =T, + O-”%po =277°C
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Example of a fault at shallow depth

Algion fault at 760m depth (o, =19 MPa, P,,=7.6 MPa, 7,= 28°C)
Sulem et al., Int. J. Num. Anal. Meth. Geomech. 2005

Numerical data

Cy=0.32 mm2/s; A= 0.1 MPa/°C; f=0.5 , c,,= 0.024 mm2 /s (permeability: 10-*m?)
Imposed shear velocity: 1 m/s
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Rapid slip
Coupled processes |

during seismic slip  Frictional heat
l

Temperature increase

(Shear heating)
|

v v
Pore pressure increase L Mineral
(Thermal pressurization) 7 decomposition
v
Fluid mass increase «—— Solid volume decrease
Porosity increase
Heat consumed in l
<—

endothermic reactions

Permeability increase

}

Pore pressure decrease

v l
v

: : Temperature rise : _
Slip weakening inhibited Slip strengthening
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Temperature (°C)

7 km depth
f=0.1; k,=101°m?
h=5mm
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Shear stress (MPa)
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7 km depth
f=0.1; k,=10-1°m?

— 120

Thermal decomposition of
carbonates in fault zones:
Slip-weakening and
temperature-limiting effects

(edIN) @inssaud 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) @inssaud alod

- Weakening/restrengthening of the shear
stress

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



CONCLUSIONS

v' Major role of the temperature on the physical and mechanical
properties of rocks

v Coupled thermo-hydro-mechanical processes can induce
weakening mechanisms

v' Thermal weakening processes induced by shear heating are central
in the understanding of the nucleation and the development of
gravitational and seismic slip.



