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Transition from thermal pressurization (TP) to dilatant strengthening (DS) during stick-slip ruptures 
on saturated saw-cut thermally cracked westerly granite

Caiyuan Fan (fan@geologie.ens.fr), Gang Lin, Jérôme Aubry, Damien Deldicque, Carolina Giorgetti, Harsha S. Bhat, Alexandre Schubnel
Laboratoire de Géologie, École Normale Supérieure/CNRS UMR 8538, PSL University, Paris, France

• Cocco, M., Aretusini, S., Cornelio, C., Nielsen, S.B., Spagnuolo, E., Tinti, E., Di Toro, G. 

Fracture Energy and Breakdown Work During Earthquakes. Annual Review of Earth and 

Planetary Sciences, 2023. 

• Mitchell, T.M., Faulkner, D.R. The nature and origin of off-fault damage surrounding strike-

slip fault zones with a wide range of displacements: A field study from the Atacama fault 

system, northern Chile. Journal of Structural Geology, 2009.

• Ohnaka, M. A constitutive scaling law and a unified comprehension for frictional slip 

failure, shear fracture of intact rock, and earthquake rupture. JGR: Solid Earth, 2003.

• Passelègue, François.X., Schubnel, A., Nielsen, S., Bhat, H.S., Deldicque, D., Madariaga, R. 

Dynamic rupture processes inferred from laboratory microearthquakes. JGR: Solid Earth, 

2016.

1) Direct experimental evidence of continuous co-seismic pore pressure (Pp) evolution 
during triaxial stick-slip rupture series is obtained.

2) Co-seismic Pp transitions with events from TP-driven increases to DS-driven drops 
during rupture, accompanied by a fast–slow–fast slip spectrum.

3) Structural evolution of the shear zone (thickening) drives the transition, progressively 
enhancing dilatancy over thermal pressurization (TP).

2. Experimental Result

Take-home Messages

1. Introduction
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4. Physical picture of the rupture cycles
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3. Analysis and discussion

Vienna, Austria
3–8 May 2026

Direct experimental record of pore pressure (rise & drop) evolution during stick-slip rupture cycles

(3) Evolution of relative efficiency ( ⁄𝑬𝒑 𝑬𝑻), showing a systematic shift toward DS-dominated behaviour

(4) Fracture energy scales with slip regardless of rupture style (Pp & slip behaviours)
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Saw-cut granite (dry)
(Ohnaka, 2003)

Saw-cut granite (dry)
(Passelègue et al., 2016)

This study: 
Saw-cut granite 
(water-saturated, 
high fluid pressure)

Compiled data by Cocco (2023)

Rupture style
• TP vs DS (Fluid pressure behaviour)
• Slow vs Fast (Slip behaviour)

𝑘! 𝑘"#

Spring-slider model

𝒌𝒄

Fast DSFast TP Slow DSSlow TP

𝒕𝒆𝒙𝒑

Slow rupture

Fast rupture𝑘" increase

Fast Rupture with 
Dilatant strenghtening (DS)

Fast Rupture with
Thermal Pressurization (TP)

v

𝑘"  decrease

v

WGF7, 9, 10

WGF8

WGF8

WGF7, 9, 10

(Ruina 1983; Segall and Rice, 1995; 2006)

Slow slip
𝑘 < 𝑘"

Fast slip
𝑘 ≪ 𝑘"

𝒕

𝝉

OSPP

EGU26-9839

Open question: Dilatancy should stabilize faults, 
why do fast ruptures still occur despite large co-seismic Pp drops?

Fault structural evolution driving the TP–DS transition

q Transition from co-seismic 
dynamic Pp rise to drop with events

q Transition from background
static compaction to dilatancy with loading

Period BPeriod A

100 101 102

Stick-slip event number

100

101

Sh
ea

r s
tr

es
s 

dr
op

 (M
Pa

)

Pc-Pf= 45 MPa
Pc-Pf= 60 MPa

Slow events

Fast events

(2) Dilatancy (undrained, adiabatic assumption) reproduces recorded co-seismic pore pressure drop
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Inferred 𝒌𝒄 trend

Rupture 
transition 
summary

(Mitchell and Faulkner, 2009)

Seismic 
hypocenter

Earthquakes by fault weakening

Pore pressure’s effect on strength and two opposite mechanisms

Hydraulic, thermal
diffusion (𝛼%& , 𝛼'%)

w

Slip

(Revised after Urata et al., 2015)

(Condition and Symbol)

Ø Objective

• Constraint TP condition 

• TP-DS competition 

Ø Method

• Triaxial stick-slip tests

• On-fault pore fluid pressure (Pp) 

measurements

• Three effective confining pressures 

(Pc-Pf= 30, 45, 60 MPa)

Ø Four experiments

30 MPa 45 MPa 60 MPa 45 MPa

○
WGF9

☐
WGF7

△
WGF10

☆
WGF8

Permeability ~ 10−20 m2 10−19 m2

𝜕𝑇
𝜕𝑡 −

𝜏𝑉
𝜌𝑐𝑤 = 𝛼!"

𝜕#𝑇
𝜕𝑦#

𝜕𝑝
𝜕𝑡 − 𝛬

𝜕𝑇
𝜕𝑡 +

1
𝛽
𝜕𝜙$%

𝜕𝑡 = 𝛼"&
𝜕#𝑝
𝜕𝑦#

𝐸$
𝐸'

=
𝜌𝑐

𝑓(Λ𝛽 𝜎 − 𝑝)
𝜀𝑤
𝑑*

𝛼!"
𝛼"&

(Larger ⁄𝐸# 𝐸$ à Stronger DS dominance)

Relative efficiency of DS to TP for fluid 
pressure responses (Segall et al., 2010)

𝝈𝒏 − 𝒑 ↓
Strength decreases

𝝈𝒏 − 𝒑 ↑
Strength increases

Pore pressure, 𝑝

Time & slip

Porosity increase by dilatancy, 𝜙$%

𝝉𝒇 = 𝑓 ' (𝝈𝒏 − 𝒑)Shear strength

• Weakening fault

• Large earthquakes

• Stablizing fault

• Slow earthquakes

Competition

Thermal pressurization (TP) Dilatant strengthening (DS)

Co-seismic stage

Opposite effect

This experimental study

𝑘" = σ% − 𝑝
𝑏 − 𝑎
𝑑"

+ 5
σ% − 𝑝 ⁄𝜇& 𝐿# 	 for	TP
− ⁄𝜀𝜇'' 𝛽𝑑" 	 for	DS

Event #1
Event #8

Event #50
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(1) TP model (undrained, adiabatic assumption) reproduces recorded co-seismic pore pressure rise

𝜕𝑝
𝜕𝑡
− 𝛬

𝜏𝑉
𝜌𝑐𝑤

= 0

Fast event Slow event

Gap

Thermal–hydraulic–mechanical processes during fault slip

NOT observed in stick-slip experiments! TP-DS competition on a same fault?

Frictional heating

Dilatant inelastic 
deformation

Slow

Fast ruptures

Fast

q Fast–slow–fast slip in stick–slip cycles

Directly
observed!

Shear zone with fluid (water)

Theoretical description (Rice, 2006)

Induce 
Pore pressure, 𝑝

Time & slip

Temperature rise by friction, 𝑇

Induce 

Shown below

Critical stiffness evolution driving the Fast-slow-fast slip spectrum

Focusing on fluid pressure behaviour

Focusing on slip behaviour


