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Frontispiece: Scanning electron microscopy micrograph of a Carrara marble rock

core after semibrittle deformation. The image is approximately 3.5 by 5 mm.



Abstract

We explore the complex interactions between faults, fault damage and the brittle-

ductile transition by the means of rock deformation experiments on Carrara mar-

ble. Firstly, we focused on time dependent mechanical closure of microcracks as a

source of wave speed recovery around faults. By recording the elastic wave speeds

in dry deformed samples at room temperature during hold times at variable con-

finements, we observed that mechanical crack closure can recover up to 40% of the

damage-induced wave speed loss making it one of the most potent wave speed re-

covery source. Secondly, we studied the interaction between time-dependent creep

and crack mechanical closure in dry triaxially loaded samples. We report that time-

dependent creep hinders wave speed recovery above a certain threshold strain rate,

and coexist with wave speed recovery under this threshold. We interpret this result

as a transition between fast brittle and slower plastic creep. Additionally, we report

a drop in wave speeds in samples that have undergone a triaxial hold time upon

unloading, which we interpret as asperity destruction in reverse-sliding cracks. We

then focus on fault reactivation across the brittle-ductile transition. We develop

an experimental protocol that allows for the recording of the partitioning of strain

between on-fault slip and off-fault ductile deformation in faulted samples. We es-

tablish new bounds for the localised-ductile transitional regime where fault slip and

ductile deformation coexist and report the existence of an empirical relationship de-

scribing the partitioning of strain when both are active. Finally, we test our newly

established model against smooth-unstable faults by experimenting on saw-cut sam-

ples. We report that the localised-ductile transition is still occuring within our es-

tablished bounds and that it does not appear to impact fault stability.
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2.4 Wave speed data for the first stage of one of the experiments. The

sample was deformed at Pc = 40 MPa and ė = 10�5 s�1. The angles
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During the last stress step of the second stage of the experiment, the

sample crept until macro scale failure occured. This is denoted here

by a dashed curve and the notation "Runaway". . . . . . . . . . . . 109

3.7 Axial strain during the the holding periods of the stress stepping ex-

periment. The notation Q followed by a number represents the dif-

ferential stress acting on the sample during the recovery hold time

in % of the sample Qmax. . . . . . . . . . . . . . . . . . . . . . . . 109

3.8 Relative horizontal P wave speed during the holding periods of the

stress stepping experiment. The notation Q followed by a number

represents the differential stress acting on the sample during the

recovery hold time in % of the sample Qmax. . . . . . . . . . . . . . 110

3.9 Volumetric strain against axial strain during the holding periods of

the stress stepping experiment. Data for Q99 have been left out of

this figure as a strong drift was polluting the strain gauges readings.

The notation Q followed by a number represents the differential

stress acting on the sample during the recovery hold time in % of

the sample Qmax. . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.10 Strain rate evolution during the holding periods of the stress step-

ping experiment. The notation Q followed by a number represents

the differential stress acting on the sample during the recovery hold

time in % of the sample Qmax. The horizontal dashed line represents

the lowest recordable strain rate. . . . . . . . . . . . . . . . . . . . 111



22 List of Figures

3.11 Differential stress (A.), horizontal P wave speed (C.) and volumetric

strain (E.) against time during the Q/Qmax = 75% and Q/Qmax =

85% stress steps of experiment CMh20. Zoomed view of the stress

evolution (B.), horizontal P wave speed (D.) and volumetric strain

(F.) during the unloading-loading process between Q/Qmax = 75%

and Q/Qmax = 85% (see Section 3.2 for more details on the differ-

ential stress stepping process). From left to right, the dashed lines in

B., D., and F., represent the starting point of the unloading process,

the starting point of the loading process and the completion of the

loading process. The notation Q followed by a number represents

the differential stress acting on the sample during the recovery hold

time in % of the sample Qmax. . . . . . . . . . . . . . . . . . . . . 113

3.12 Relative horizontal P wave speed against axial strain during the un-

loading process between holding periods of experiment CMh20.

The notation Q followed by a number represents the differential

stress acting on the sample during the recovery hold time preceding

the unloading in % of the sample Qmax. The black curve marked

"post-def" is the data obtained during the unloading phase between

the deformation stage and the first recovery hold time. . . . . . . . . 114

3.13 Volumetric strain against axial strain during the unloading-loading

process between holding periods of experiment CMh20. The nota-

tion Q followed by a number represents the differential stress acting

on the sample during the recovery hold time preceding the unload-

ing in % of the sample Qmax. The black curve marked "post-def" is

the data obtained during the unloading-loading phase between the

deformation stage and the first recovery hold time of the experiment. 114

3.14 The two Thomsen parameters eThom (A.) and gThom (B.; see Equa-

tions (3.1) and (3.2)) during the deformation stage of a sample

(CMh15). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116



List of Figures 23

3.15 The two Thomsen parameters eThom (A.) and gThom (B.; see Equa-

tions (3.1) and (3.2)) during the holding periods of the stress step-

ping experiment. The notation Q followed by a number represents

the differential stress acting on the sample during the recovery hold

time in % of the sample Qmax. . . . . . . . . . . . . . . . . . . . . 117

3.16 The two Thomsen parameters eThom (A.) and gThom (B.; see Equa-

tions 3.1 and 3.2) during the unloading-loading process between

Q/Qmax = 75% and Q/Qmax = 85%. From left to right, the dashed

lines represent the starting point of the unloading process, the start-

ing point of the loading process and the completion of the loading

process (see Section 3.2 for more details on the differential stress

stepping process). . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.17 Relative variation of the Thomsen parameter eThom (see Equation

(3.1)) against axial strain during the unloading-loading between all

recovery holding periods of experiment CMh20. The notation Q

followed by a number represents the differential stress acting on

the sample during the recovery hold time preceding the unloading

in % of the sample Qmax. The black curve marked "post-def" is

the data obtained during the unloading-loading phase between the

deformation stage and the first recovery hold time. . . . . . . . . . . 118

3.18 Vertical (A.) and horizontal (B.) crack densities during the unload-

ing loading process between Q/Qmax = 75% and Q/Qmax = 85%.

From left to right, the dashed lines represent the starting point of the

unloading process, the starting point of the loading process and the

completion of the loading process (see Section 3.2 for more details

on the differential stress stepping process). . . . . . . . . . . . . . . 119



24 List of Figures

3.19 Vertical (A.) and horizontal (B.) relative crack density changes

against axial strain during the stress stepping between holding pe-

riods of experiment CMh20. The notation Q followed by a num-

ber represents the differential stress acting on the sample during

the recovery hold time preceding the unloading in % of the sample

Qmax. The black curve marked "post-def" is the data obtained dur-

ing the unloading-loading phase between the deformation stage and

the first recovery hold time. . . . . . . . . . . . . . . . . . . . . . . 120

3.20 Recovery factor R (see Equation (3.3)) computed with the horizon-

tal P wave speed for all differential stresses constant stress experi-

ments. The notation Q followed by a number represents the differ-

ential stress acting on the sample during the recovery hold time in

% of the sample Qmax. . . . . . . . . . . . . . . . . . . . . . . . . 122

3.21 Recovery factor R (see Equation (3.3)) computed with the horizon-

tal P wave speed for all samples during the recovery hold time. The

notation Q followed by a number represents the differential stress

acting on the sample during the recovery hold time in % of the sam-

ple Qmax. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

3.22 Relative horizontal P wave speed against strain rate during the hold-

ing time of the constant stress experiments. The notation Q fol-

lowed by a number represents the differential stress acting on the

sample during the recovery hold time in % of the sample Qmax. Ar-

rows indicate the transition between decreasing and increasing wave

speed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

3.23 Relative horizontal P wave speed against strain rate during the hold-

ing time of the stress stepping experiment. The notation Q followed

by a number represents the differential stress acting on the sample

during the recovery hold time in % of the sample Qmax. Arrows

indicate the transition between decreasing and increasing wave speed.125



List of Figures 25

3.24 Relative volumetric strain against strain rate during the holding time

of the stress stepping experiment. The notation Q followed by a

number represents the differential stress acting on the sample during

the recovery hold time in % of the sample Qmax. . . . . . . . . . . 125

4.1 Left: picture of a sample equipped with strain gauges and prior to

jacketing. Right: scan of the cross section of a deformed sample.

The picture has been altered to improve contrast. F represents the

sample-scale fault and B the ductile barrelling. . . . . . . . . . . . . 136

4.2 Mechanical data for a full fault reactivation experiment (1% ac-

cumulated slip, ė = 10�5 s�1). In A. is shown differential stress

against total axial shortening and in B., matrix strain against total

axial shortening. The unloading phases of each cycle have been

removed to aid clarity. Triangles represent the points at which the

fault in the sample is reactivated (i.e., begins to slip) and squares,

points at which yield occurs in the sample. The numbers above

the curves represent confining pressure. Inset in B. shows the two

different recorded deformations. . . . . . . . . . . . . . . . . . . . 137

4.3 A., the evolution of horizontal P wave speed for a travel path across

the fault. The numbers indicate the confining pressure. B., P wave

speed drop during each cycle for the same travel path. . . . . . . . . 138

4.4 Mechanical and horizontal P wave speed data for a single cycle ex-

periment at Pc = 35 MPa. The sample was placed in conditions such

that the strain partitioning between slip and bulk deformation would

be roughly 50/50. . . . . . . . . . . . . . . . . . . . . . . . . . . . 138



26 List of Figures

4.5 A, B, C: flow stress (sflow), maximum stress (smax), fault strength

(sf) and yield stress (sy). D, E, F: slip contribution to the total

shortening during each deformation cycle. Data are represented for

three different scenarii with panels A, D: 0.1% imposed accumu-
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Chapter 1

Introduction

1.1 Thesis outline

This manuscript gathers most of the work I have done during the 3 years of my

PhD at the University College London from 2016 to 2019 under the supervision of

Nicolas Brantut, Thomas Mitchell and Philip Meredith. My project focused mainly

on two distinct topics: the time dependent closure of cracks in rocks and how it

evolves with increasing confining pressure; and the mechanisms of fault reactivation

in the conditions of the brittle-ductile transition. I have investigated these processes

mainly by the means of experimental rock deformation. All the results presented

here are original and the outcome of my own work but some are in the process of

being published in international scientific journals. This manuscript is divided in

six chapters:

Chapter 1 Introduction: This chapter aims at briefly presenting the state of the art

knowledge on the brittle-ductile transition, fault structure and damage healing

and recovery in fault zones.

Chapter 2 Confining pressure dependent damage recovery in Carrara marble: In

this chapter, I present the results of my study on mechanical crack closure

in Carrara marble under hydrostatic pressure. This chapter has been written

with the aim of a future publication in the Journal of Geophysical Research

(expected submission, December 2019).
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Chapter 3 Strain rate dependent damage recovery in Carrara marble: This is the

continuation of Chapter 2. I present there a study of mechanical crack closure

in creeping samples of Carrara marble (triaxial conditions). These results will

be submitted to an international scientific journal at a later date (expected

submission, Q1 2020).

Chapter 4 Fault reactivation and strain partitioning at the brittle-ductile transition:

This chapter gathers the results of my study on fault reactivation in experi-

mentally faulted samples of Carrara marble. This chapter was adapted from

an article submitted in Geology and in press at the time of the redaction of

this manuscript.

Chapter 5 On the reactivation of smooth faults: This chapter is an extension of the

fault reactivation study. Here I test the rheological model established in

the previous chapter by testing it against an extreme case of fault geome-

try—smooth faults.

Chapter 6 Conclusions and perspectives: Is an overall conclusion to this thesis. In this

chapter I summarize and relate the main findings of my work. Additionally, I

develop briefly on the possible avenues for future work.

Chapters 1 to 4 have been structured as self-contained scientific articles and all have

an introduction, methodology, results, discussion and conclusion section. While

most of the work presented here has been conducted using the same triaxial appara-

tus, sensor systems and data processing techniques, other aspects of the experiments

such as sample preparation and experimental protocol may vary between chapters.

Therefore, a thorough description of the machines, sensors and computational meth-

ods used during my work is available in Appendix A and B and referenced through-

out the manuscript. When different from this general procedure, I have provided

in-depth descriptions of the methodology employed.
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1.2 The brittle-ductile transition

1.2.1 Brittle vs plastic

It has been long observed experimentally that, with increasing temperature and pres-

sure, rocks undergo a transition in mechanical behaviour from brittle fracture to

distributed plastic flow (Adams, 1910, 1912; Griggs, 1936). These experimental re-

sults confirmed early field observations that the Earth crust was divided in a shallow

brittle layer and a deeper plastic layer (Heim, 1878).

In the cool, low pressure conditions of the shallow brittle layer of the crust,

strain is accommodated in rocks in a localised fashion. At the microscopic scale,

the stressing of rocks leads to the cracking of their grains. Microcracks nucleate due

to the building up of local stresses at defects in the rock such as voids, grain bound-

aries or elastic mismatches between grain (Kranz, 1983). With further stressing,

the microcracks interact and coalesce and form macroscopic scale faults, a process

that culminates in the failure of the rock in an event referred to as brittle fracture

(Paterson, 1958; Lockner et al., 1991; Paterson and Wong, 2005; Aben et al., 2019).

Once the fracture has formed, it will localise the majority of strain which will be

accommodated by the frictional sliding of the fracture surfaces. At the crustal scale,

tectonic strain is accommodated on large scale, discrete fault planes by the mean of

slow aseismic creep or intermittent, rapid, violent motion, earthquakes (Brace and

Byerlee, 1966). In the brittle layer of the lithosphere, crustal strength is controlled

by these faults (Brace and Kohlstedt, 1980; Scholz, 2002).

In the hot, high pressure conditions of the deep plastic layer of crust, tectonic

strain is accommodated by the homogeneous flow of rocks. In this region of the

crust the grain crystal lattice is distorted under the influence of tectonic stresses.

Several mechanisms can be driving grain distortion. One such mechanisms is the

formation of twins. Under the influence of stress in conditions were atoms are not

mobile, the crystal lattice may be rearranged to accommodate the change in shape

of the grain Christian and Mahajan (1995). At higher temperature and confinement,

grains can distort by the movement of crystalline defects such as dislocations along

the crystal slip systems if the resolved shear stress on these systems is sufficient
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(e.g., De Bresser and Spiers, 1997)]. At even higher temperature and confinement

grains deform by diffusion creep. This phenomenon is controlled by the mobility of

point defects such as vacancies through the solid or along grain boundaries, leading

to significant change in grains shape (e.g., Tullis and Yund, 1991). Each of these

mechanisms occur in specific pressure and temperature conditions and can be op-

erating at the same time (see the in-depth review of Poirier, 1985). The resulting

overall mode of deformation is a homogeneous flow of the rocks with little to no

strain localisation (Cooper et al., 2017). In this region of the crust, the strength

of the rocks follow steady-state flow laws, which describe the evolution of rock

strength with pressure, temperature, strain rate etc (e.g., Evans and Kohlstedt, 1995;

Kohlstedt et al., 1995; Renner and Evans, 2002)

With further advances in the field of rock physics and the pioneering work of

scientists such as Paterson (1958) and Heard (1960), it was established that the tran-

sition in rheology between the brittle and plastic layers of the crust was occurring

over at depth range where both brittle and plastic mechanisms were active rather

than being a sharp boundary, the so-called brittle-ductile transition zone. In this

section, we will present the state of the art knowledge on the brittle-ductile transi-

tion on which this manuscript is based.

1.2.2 Definitions and vocabulary

Over a century of research across the fields of Geology and Geophysics has en-

gendered an ambiguous lexicon surrounding the brittle-ductile transition which is

responsible for many unintended double-entendre. The very name brittle-ductile

transition is misleading as it is often used to describe the part of the crust where

rocks transition from a fully brittle, microcracks and fractures dominated rheology

to a rheology dominated by plastic grain deformation. Therefore the designation

brittle-ductile actually encompasses two distinct transitions, a macro-scale transi-

tion in the repartition of strain from localised to ductile diffuse deformation and

a micro-scale transition in deformation mechanism from brittle grain cracking to

grain plastic deformation. Rutter (1986) proposed a unified nomenclature for the

brittle-ductile transition that is still considered to be reference to date. In his view, a
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distinction has to be made between the mechanism of deformation and the degree of

homogeneity in the deformation. There exist three fundamental deformation mech-

anisms

(a) Brittle microcracking where grains become cracked and experience frictional

sliding between their parts. This involves dilatancy and is therefore pressure

dependent. Surface defects such as cracks are not temperature dependent and

therefore brittle microcracking is temperature insensitive.

(b) Plastic deformation of the crystal lattice of grains due to the motion of dislo-

cations or twinning. These phenomena are promoted by temperature and are

deformation rate dependent, but as they do not involve volume change, they

are pressure insensitive.

(c) Flow by diffusive mass transfer, where stress-aided mass transfer leads to the

deformation of grains.

In this case, the term "brittle" refers to (a) only whereas "plastic" refers to (b) and

(c). All three mechanisms can lead to macro-scale localisation such as brittle fault-

ing in the case of (a) and plastic shear zones in the case of (b) and (c). Similarly,

all three mechanisms can be the source of significant macro-scale ductility of the

rocks. Therefore, the use of the terms "localised" and "ductile" are restricted to the

macroscopic scale description of strain, regardless of the microscopic scale process

involved.

In this case, many transitions can occur between these deformation modes (Fig-

ure 1.1). The term brittle-ductile transition is usually used to refer to the transition

between 1-3 but could also describe that between 1-2. Therefore, we will prefer

the use of "localised-ductile" transition to describe a change in strain repartition at

the macroscopic level (e.g, transition from 1-2 or 4-3) and the term "brittle-plastic"

transition to describe a change in microscopic process (e.g, transition between 2-3).

However, over the years, the term brittle-ductile transition has become colloquial

to the extent where it is almost impossible to discuss the literature without using it,
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Figure 1.1: Diagram of possible modes of deformation and their associated transitions.

They are grouped depending on the underlying micromechanism and on

whether they lead to strain localisation or not. Adapted from Rutter (1986).

therefore, we will use italic type to stress its quality of common noun referring to

the entire localised-plastic transition when compelled to use the term.

It has to be noted here that we modified Rutter’s nomenclature to avoid the use

of the word "cataclastic" in referring to brittle deformation. In the writer’s opin-

ion, this term might induce confusion between ductile flow driven by grain scale

cracking and cataclasis which involves grain crushing, comminution and rotation

and leads to the formation of cataclastic rocks (Sibson, 1977).

1.2.3 Effect of confining pressure

An increase in confining pressure alone can lead to a transition between brittle and

ductile behaviour in certain rocks. While for most silicate rocks, a pressure in-

crease on its own is not sufficient to induce a transition from a brittle to a plastic
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behaviour, it can induce a brittle-ductile transition in calcite rocks. Therefore, cal-

cite aggregates have always been favoured by experimentalists to study the effect of

pressure on this transition. In addition to being major constituents of the Earth crust,

this inherent ability to undergo a full brittle-plastic transition at moderate pressure

and room temperature makes them ideal candidates for the study of the transition.

In particular, marble and limestone have been extensively used to investigate the

effect of pressure on the rheology of rocks (von Karman, 1911; Paterson, 1958;

Heard, 1960; Scholz, 1968; Edmond and Paterson, 1972; Rutter, 1974; Fredrich

et al., 1989; Siddiqi et al., 1997) .

At room temperature, with increasing confining pressure, Paterson (1958) re-

ported a transition in macroscale repartition of strain in Wombeyan marble, from

axial splitting at atmospheric pressure, to single shear failure at a confining pres-

sure (Pc) of 3 to 5 MPa, to conjugate shear fractures at Pc = 35 MPa and finally to

ductile deformation marked by considerable barrelling at Pc = 100 MPa. This shows

that an increase in confining pressure of 100 MPa completely inhibits strain local-

isation and demonstrates the full localised-ductile transition in Wombeyan marble.

Moreover, Donath et al. (1971) reported a broadening of the shear zones formed

during deformation in conditions approaching ductility in marble. They observed

a shift from sharp shear fractures to broader intensely damaged shear zones with

increasing confining pressure. This result shows that there exists a gradation in the

transition from localised to ductile strain.

Byerlee (1968) demonstrated in experiments that the transition between strain

localisation to homogeneous flow occurs at the confining pressure where the fric-

tional strength of the rock equates its coulomb failure criterion. In other terms, the

transition occurs when it is as easy for the rock to nucleate a new fault than to initi-

ate sliding on a pre-existing, favourably oriented one. Despite its empirical nature,

this criterion describes adequately the localised-ductile transition for most rocks.

Additionally, Fredrich et al. (1989) reported that Carrara marble fails in com-

pression at room temperature and Pc = 5 MPa, but is ductile at Pc = 40 MPa and

above (Figure 1.2). In this domain, the mechanical behaviour of Carrara marble
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is highly confining pressure dependent. While yield stress of the rock increases

from 77 MPa at Pc = 5 MPa to 130 MPa at Pc = 130 MPa, its rate of increases

with confining pressure gradually decreases at pressures above Pc = 50 MPa. The

post yield hardening index (i.e., the slope of the stress-strain curve in the postyield

region) also increases with increasing pressure. Finally, while dilatancy in the sam-

ple is strong at low pressure, it gradually diminishes, to the point of vanishing at

Pc = 300 MPa. This shows that the brittle contribution to the total deformation de-

creases progressively with increasing confining pressure until brittle deformation no

longer occurs and the rock is fully plastic at Pc = 300 MPa. This illustrates the effect

of confining pressure which hinders the creation of new volume by crack opening,

so much so that with increasing confining pressure, plastic deformation eventually

becomes weaker than the stress required to propagate cracks. Therefore, the rock

is fully plastic when it is easier for a grain to deform in any direction than it is to

crack. For a grain to be able to deform in any direction it requires the operation of

five independent slip systems, a condition known as the von Mises criterion (von

Mises, 1928). Nevertheless, the identification of fully plastic flow in experiments

based on pressure-insensitivity of stress and lack of dilatancy, or by analysing the

microstructure of the deformed samples can be subtle, and placing the transition

exactly is difficult. To palliate this difficulty, Kirby (1980) suggested a bound for

the brittle-plastic transition of crystalline rocks to be the critical value of the ratio

of the least principal stress over the ductile strength of the rock (i.e., the strength

at 10% strain) s3
sd

= 0.8. Despite its satisfactory results for some tested rock, this

criterion remains approximate and does not describe accurately other stress states

such as tension failure.

1.2.4 Effect of temperature, strain rate and water content

As mentioned in the previous section, silicate rocks differ from carbonates in that

they do not show evidence for a brittle-ductile transition at room temperature. To

inhibit brittle deformation and strain localisation in these rocks, one has to increase

the temperature by several hundreds of degrees C but also the confining pressure,

as temperature on its own does not allow for ductility in most cases. Consequently
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Figure 1.2: Differential stress against axial strain (a), against volumetric strain (b) and volu-

metric strain against axial strain (c) for Carrara marble across the brittle-plastic

transition. With increasing confining pressure, the hardening index of marble

increases and dilatancy gradually disappears. From Fredrich et al. (1989).
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numerous studies on the effect of temperature on the brittle-ductile transition were

conducted in silicates. Temperature in rocks promotes plasticity by reducing the

strength of crystalline slip systems such that at higher temperature, plastic flow will

become prevalent until eventually the von Mises criterion is met and the rock is

fully plastic. This is beautifully demonstrated by the work of Paterson and Weaver

(1970). By deforming magnesium oxyde (MgO) single and polycrystals over a

wide range of temperature and confining pressures of 0, 200 and 500 MPa, they

managed to map the yield strength of the rock across the brittle-plastic transition

(Figure 1.3). At room temperature and pressure, they report that MgO is brittle.

With increasing pressure and temperature, they interpret the ductile behaviour to be

a combination of plastic yielding and microcracking, the later compensating for the

lack of activity on stronger slip planes. This is illustrated by the pressure sensitivity

of yield stress between 200 and 600�C. Over this pressure range, the yield stress

of the polycrystalline samples also show a strong temperature dependency at all

confining pressure. At a temperature of 650�C, the yield stress of the polycrystalline

samples equates that of the stronger {100} < 110 > slip system and subsequently

follow its rapid decrease with increasing temperature. At 750�C, yield stress in

the polycrystalline samples is no longer pressure dependent. Therefore, the full

plasticity of the samples coincides with the activation of the {100} < 110 > slip

systems and the reaching of the von Mises criterion.

Rocks more relevant to the lithosphere are often composed of multiple phases

which increases the complexity of their brittle-plastic transition. For instance, Tullis

and Yund (1977) reported that the transition from microcracking to dislocation glide

in dry Westerly granite occurs first in quartz at temperature of 300-400�C and then

in feldspar at temperatures between 550 and 650�C. This result is made even more

relevant by field observations. Simpson (1985) reported the presence of fractured

feldspar along with ductile deformation of quartz in mylonites of the greenschist

facies (300-750�C, 200-800 MPa) from Eastern Peninsular Ranges Mylonite Zone,

therefore showing the existence of complex brittle-plastic transition in nature.

The rate of the deformation is also a strong control on the brittle-plastic tran-
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sition in rocks. The study of Caristan (1982) showed that the pressure necessary

to achieve ductility in a diabase at 1000�C could be reduced from 400 MPa to 150

MPa by decreasing the strain rate from 10�3 s�1 to 10�5 s�1. Similarly, Tullis and

Yund (1980) reported a change in deformation behaviour from ductility at 10�6 s�1

to localised at 10�4 s�1 in albite at 1500 MPa and 800�C.

The effect of water on the brittle-plastic transition was first demonstrated by

Griggs and Blacic (1965) and Griggs (1967) who showed that the presence of water,

even in trace amounts, weakens the sample and promotes plastic deformation in

quartz crystals, an effect they termed hydrolytic weakening. The exact processes

behind hydrolytic weakening are still debated (see Tullis, 2002, for a more in-depth

review), however Tullis and Yund (1980) showed that the addition of just 0.2 wt% to

Westerly granite reduced the temperature of the transition between microcracking

and dislocation glide by 150 to 200�C for both quartz and feldspar.

In the case of porous rocks, the conditions under which a localised to ductile

transition occur can be affected by porosity (e.g., Hirth and Tullis, 1989) and other

failure modes such as compaction can be involved (e.g., Wong, 1990; Wong et al.,

1997). However, to remain within the scope of this thesis, I will limit our study to

low porosity rocks.

1.2.5 The case of semibrittle flow

We have seen how rocks transition from localised faulting to ductile flow and from

this ductile flow to purely plastic flow. However between the cessation of strain

localisation and the onset of pure plasticity lies a domain were rocks deform by a

complex interplay of microcracking and plastic yielding referred to as the semib-

rittle regime. In general, microcracks nucleate as a result of stress concentrations.

These can have a purely mechanical origin such as stress concentration around de-

fects and cavities, stress concentration around grain boundaries or stress concentra-

tion due to elastic mismatch between grains (Kranz, 1983). Others can be produced

by plastic phenomena. Twin lamellae are known to generate stress concentration

where they intersect each other, at grain boundaries or at their tip. An example of

these interactions was observed by Fredrich et al. (1989) and shown in Figure 1.4 A.
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Figure 1.3: Yield stress of polycrystalline samples of MgO at atmospheric pressure, 200

and 500 MPa and single crystals. It shows the relationship between the brittle-

plastic transition and the yield stress of MgO slip systems. From Paterson and

Weaver (1970).

In the semibrittle field, the limited amount of active slip systems can result in dislo-

cation pile-ups which may in turn nucleate cracks (Zener-Stroh mechanism). Even

though this is challenging to observe directly in microstructures, the importance of

dislocation glide in semibrittle rocks suggest that this phenomenon is likely to be at

play (Paterson and Weaver, 1970; Tullis and Yund, 1977; Fredrich et al., 1989).

The peculiarity of the semibrittle regime is that despite a extensive microcrack

activity, these do not coalesce and do not lead to macro-scale failure of the sample

as seen in the brittle regime (Lockner et al., 1991; Aben et al., 2019). The processes
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responsible for the stabilization of cracks are not yet fully understood but some po-

tential candidates have been brought forth. While dislocations can produce cracks,

the opposite is also very likely to occur. Stress concentration at the tip of cracks

can lead to dislocation glide, resulting in a decrease in the local stress and a "blunt-

ing" of the crack tip, possibly stabilizing its propagation (Boland and Tullis, 1986;

Fredrich et al., 1989)(Figure 1.4 B.).

To date, it is impossible to estimate the relative contributions of brittle and

plastic processes to the overall semibrittle deformation of rocks, and these are likely

to be sensitive to numerous parameters such as pressure, temperature, mineralogy,

water content. This inherent complexity has prevented the elaboration of a flow law

that would describe rock strength in the semibrittle regime.

In Figure 1.1 we referred to brittle behaviour with the absence of localisa-

tion as "brittle flow" but in reality, microcracking is almost always accompanied by

some degree of plasticity (in non-porous rocks). One of the only examples of pure,

non-localised brittle-behaviour in the literature might be that of Tullis and Yund

(1992). The authors reported a transition from faulting to distributed cataclastic

flow in Bushveld anorthosite (90-100% feldspar) at pressures of 1000-1500 MPa

and temperatures of 250-300�C. Above this temperature, the samples were ductile

but deformation was accommodated solely through distributed microcracking. The

grain fragments in this regime showed signs of rotation and comminution, but no

signs of dislocation glide or twinning. The authors reported the activation of twin-

ning when temperature reached 600�C and the activation of dislocation at 700�C.

Their results indicate that a transition from cataclastic brittle flow to semibrittle flow

could exist for certain materials.

1.2.6 The brittle-ductile transition and the strength of the litho-

sphere

The main drive behind the intense study of the rheology of rocks with increasing

pressure and temperature was to establish a unified crustal rheology, able to describe

the stress distribution in the crust and which would account for frictional and plas-

tic behaviour of rocks. A first attempt at creating a joint strength envelope for the



46 Introduction

Figure 1.4: TEM micrographs of Carrara marble deformed in the semibrittle regime. A, a

crack (C) nucleated from a twin(T) at a width step. B, a void (V) at the tip of a

twin (T), in the bottom right corner, some dislocations seem to have originated

from the void, possibly blunting the crack. After Fredrich et al. (1989).

lithosphere was done by Goetze and Evans (1979). They used constitutive laws for

the elastic, frictional and ductile regime of deformation hitherto established in the

laboratory to estimate strength in the bending lithosphere near subduction trenches.

This resulted in the first "christmas tree" strength envelope for the crust, a model

that would become standard in the following years. A year later, in their pioneer-

ing work, Brace and Kohlstedt (1980) went further. By assuming that, in the upper

crust, strength was controlled by pre-existing faults they established that the maxi-

mum strength of the shallow crust should be estimated with a Byerlee type friction

law. To describe the lower plastic part of the crust, they used flow laws for quartz

and olivine (i.e., two predominant minerals in the crust and the mantle respectively)

along with estimates of the geothermal and pore pressure gradients. The resulting

refined crustal strength envelope (Figure 1.5) had several momentous implications:

1. There exist a high strength region in the crust, around the brittle-ductile tran-

sition virtually bearing the weight of the lithosphere above.

2. The crust has close to zero strength at the surface and at depth below 25 km

in the case of quartz dominated rheology.

3. Pore pressure is a key factor in controlling crustal strength with dry rocks
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Figure 1.5: Strength envelope of the lithosphere joining frictional strength and flow laws

for quartz and olivine. From Brace and Kohlstedt (1980).

being possibly several hundreds of MPa stronger than their wet counterparts.

These groundbreaking results are to date, still key in our understanding of

crustal rheology. As mentioned earlier, they were based on the assumption that

faults control upper crustal strength, therefore, in the following section, we will

focus on faults and their interaction with the brittle-ductile transition.

1.3 Fault structure and the brittle-ductile transition

Faults are an extensively studied case among geological features, being potential

threat to human activity and livelihood. They exist in countless forms and structures

owing to the great variability of crustal mineralogy and tectonic setting. In this

section we aim at presenting briefly the structure of continental fault zones in non-

porous rocks and their relationship to the brittle-ductile transition for the purpose

of the investigations presented in this manuscript.

1.3.1 Brittle fault structure

In their most simplistic form, brittle crustal faults are composed of three spatial

units embedded into one another; the slip surface, the fault core and the fault dam-

age zone. All three units have very different intrinsic properties and together, dictate
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the long-term behaviour of the fault. Slip surfaces are at the heart of faults. They

are thin layers of fine-grained cohesive cataclasite about 100-500 µm wide, concen-

trating most of the slip (Chester and Logan, 1986; Power and Tullis, 1989; De Paola

et al., 2008). Slip surfaces are almost always smoother in the direction of slip than

in the slip-normal direction, displaying grooves parallel to the direction of past slid-

ing. These features termed slickensides are used to identify past slip (Power and

Tullis, 1989, 1991; Candela and Brodsky, 2016). Slip surfaces are not necessarily

unique, and faults can exhibit dense anastomosing networks of slip surfaces within

their core.

Faults cores accommodate large amount of shear strain, as a result, they are

composed of highly fragmented material (Chester et al., 1993; Caine et al., 1996).

Fault cores develop by the wearing of the protolith during shear and therefore their

width scales with the total displacement accumulated on the faults. But as for most

aspects of fault structure, fault cores geometry can vary considerably depending on

the lithology of the host rock and the tectonic setting. Generally, fault cores can

be separated in two categories, wide complex systems of anastomosing cores (e.g.,

Carboneras fault; Figure 1.6 B.) or single cores (e.g., Punch Bowl fault; Figure 1.6

A.)(Faulkner et al., 2010).

The largest unit of faults are the damage zones, which are pervasively cracked

regions of the host rock surrounding the fault core(s). They contain crack damage

at all scales and are generally permeable, as opposed to the fault cores which are

flow barriers (Faulkner et al., 2003, 2010; Choi et al., 2016). Damage zones are

formed in the process zone around fault tips during fault formation, and develop as

slip is accumulated due to the high dynamic stresses of repeating earthquakes (in the

case of seismogenic faults) (Mitchell and Faulkner, 2009). Damage zones vary in

size depending on fault geometry and complexity. The damage zones outer limit is

usually taken to be where the fracture damage decreases down to the regional back-

ground value and are generally around 100-150m wide in non-porous rock (Savage

and Brodsky, 2011). The nature of fault outcrops only allow for two dimensional

studies of damage repartition around faults, however seismological studies of low
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Localization may be further enhanced where a fault juxtaposes two
protoliths of highly contrasting competence, such as the Median
Tectonic Line, Japan (e.g. Wibberley and Shimamoto, 2003).

Fault zone structure depends on the depth of formation (e.g.
Ishii et al., in press), protolith, tectonic environment (e.g. strike-
slip, extension or compressional), magnitude of displacement and
fluid flow. For instance, faults in low porosity rocks (Balsamo et al.,
2010) generally have a fine-grained fault core surrounded by
a fracture-dominated damage zone. In contrast, coarser grained,
high porosity rocks commonly develop by the formation and
amalgamation of low porosity deformation bands followed by the
nucleation and propagation of high permeability slip surfaces
(Fossen et al., 2007).

Several authors provide qualitative descriptions of fracture
damage zones surrounding a fault core (e.g. McGrath and Davison,
1995; Shipton and Cowie, 2003; Kim et al., 2004; Berg and Skar,
2005; Cembrano et al., 2005; Johansen et al., 2005; Cook et al.,
2006; de Joussineau and Aydin, 2007; Fossen et al., 2007).
Damage zones contain fractures at a range of different scales from
grain-scale microfractures to macrofractures that may accommo-
date small shear offsets and a small quantity of cataclasite. It can be
difficult to distinguish between subsidiary fault structures (which
may be viewed as faults in their own right) and fault damage zone
fractures. In the tip zones of large displacement faults in particular
the complexity of deformation is marked (Kirkpatrick et al., 2008).
The orientation of the macroscopic deformation surrounding fault
tips may include horsetail geometries, wing cracks and synthetic or
antithetic subsidiary faults (e.g. de Joussineau and Aydin, 2007;
Moir et al., 2010). In low porosity rocks or under low effective stress
conditions, damage zones consist of dilatant fractures (Blenkinsop,
2008), whereas higher porosity rocks often develop structures in
their damage zones such as compaction bands in sandstone
(analogous to anticracks) or cataclastic deformation bands (e.g.
Johansen et al., 2005; Fossen et al., 2007).

Quantitative studies of damage zones, commonly involve
determining the density of fractures (usually from line counting) as
a function of distance from the fault core. For low porosity rocks,
macrofractures (mesoscale features that may be readily identified
in the field) and microfractures (measured from orientated thin-
sections) commonly show an exponential decrease with distance
from the fault core (Vermilye and Scholz, 1998; Wilson et al., 2003;
Mitchell and Faulkner, 2009) (Fig. 3). This relationship has been
linked to the decay of stress away from a fault tip predicted from
fracture mechanics models. Microfractures in deformation band-

dominated damage zones in high porosity sandstones show no
observable change of microfracture density surrounding faults
(Anders and Wiltschko, 1994; Shipton and Cowie, 2001) due to the
different micromechanics of deformation-band faulting and

a b

core multiple coresdamage zone damage zone

Fig. 2. Typical fault zone structures. (a) Shows a single high-strain core surrounded by a fractured damage zone (after Chester and Logan, 1986) and (b) shows multiple cores model,
where many strands of high-strain material enclose lenses of fractured protolith (after Faulkner et al., 2003).

Fig. 3. An example of (a) microfracturing and (b) macrofracturing surrounding three
strike-slip fault zones in northern Chile. The fault zones are in low porosity crystalline
rocks and the Caleta Coloso fault has w5 km of displacement, the Cristales fault has
220 m of displacement and the Blanca fault 35 m of displacement. From Mitchell and
Faulkner (2009).

D.R. Faulkner et al. / Journal of Structural Geology 32 (2010) 1557e1575 1559

Figure 1.6: The structure of faults in the upper crust. In (a) is a simple core embedded in a

damage zone and in (b) is a branching core. From Faulkner et al. (2010).

velocity zones show that these can span down to 8km in depth (Li et al., 2014, e.g.,).

1.3.2 Fault structure at depth

As faults cut deeper in the crust, they slowly transition from a frictional plane and

the structure described above to a plastic shear zone. This transition is akin to that

observed in experiments on rocks and result in dramatically different fault rheolo-

gies. Because our observation of the deep structure of fault relies on outcrops, the

material observed is often the result of reworking and overprinting of brittle and

plastic mechanisms during the uplifting of the rock mass. In general, with increas-

ing depth (i.e., increase in pressure and temperature) one observes a transition from

uncohesive gouge and breccia to lithified cataclasite to plastic mylonites (Sibson,

1977). Similarly to rocks in the laboratory, this transition is gradual and shear zones

can exhibit semibrittle structures (e.g., Simpson, 1985).

However, pin-pointing the transitional depth may be delicate. Plastic shear

zones in the field sometimes exhibit markers of frictional slip such as pseudo-

tachylites or pulverized rock (Rowe and Griffith, 2015). Sibson in 1980 first re-

ported the presence of pseudotachylites in a plastic shear zone in Scotland. He in-

terpreted these puzzling structures as earthquakes having nucleated in the frictional

brittle layer of the crust and propagated dynamically downward, to depths where

plastic deformation had been prevailing heretofore. More recently, Melosh et al.

(2014) reported the existence of breccias in conditions of the brittle-ductile tran-

sition in the Pofadder Shear Zone, South Africa, attesting of past deep earthquake
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slip. Similarly, Sullivan and Peterman (2017) observed pulverized rocks in the dam-

age zone adjacent to the Kellyland fault zone, USA, testifying of past high dynamic

stresses at the brittle-ductile transition. These are only a few of all accounts of

such overprinting of brittle frictional and plastic deformation in faults at depth (e.g.,

Hobbs et al., 1986; Babaie and La Tour, 1994; Lui et al., 1999; Mazzoli et al., 2004;

Frost et al., 2011; Petley-Ragan et al., 2018, 2019). Taken together, these reports

hint at the existence of a zone of alternating rheology where, during seismic slip,

fault rocks behave in a brittle frictional manner, and during the inter-seismic period

deform in a plastic manner.

Geological, geophysical and seismological observations of the crust were

brought together in two founding papers, Sibson (1983) and Scholz (1988), birthing

the now reference Sibson-Scholz fault model (Figure 1.7). This model of quartzo-

feldspathic crust is based on a geotherm model of the San-Andreas fault. In this

scenario, four key temperatures (and therefore depths) exist. At 300�C, T1 marks

the onset of quartz plasticity and consequently of the localised-ductile transition.

At T2 = 450�C, feldspar becomes plastic, marking the onset of the semibrittle-

plastic transition. Assuming no change in the lithology with depth, wear models

predict an overall widening of the fault zone from the surface down to T1 (Scholz,

2019). The ingenuity of this model is that it relates the rheology of the fault zone

to its seismogenic properties by the mean of the rate variable A�B from the rate

and state friction law (Ruina, 1983). Near the surface, at a temperature T4, the

fault transitions from being stable (positive A�B value) to being unstable (seismo-

genic, negative A�B value). This transition is assumed to be due to the presence

of phyllosilicate-rich gouge in the upper part of the fault zone (Marone and Scholz,

1988). In this model, the lower bound of the seismogenic layer is the transition at T1

where crustal rheology initiates its transition from friction dominated to plasticity

dominated. This model integrates the existence of a zone of "alternating behaviour"

where large earthquakes nucleating in the seismogenic layer can propagate above

T4 to breach the surface and below T1 to a depth T3, forming the overprinting brittle

structures described earlier. Despite its assumptions, this synoptic model has proven
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Figure 1.7: Sibson-Scholz synoptic fault model. From Scholz (1988).

to be suitable for extrapolation to other faults and tectonic settings (Scholz, 2019).

1.4 Time-dependent variations of fault properties

Now that we have examined fault structure and their property variations in space,

let us delve into their temporal evolution. The intrinsic properties of the fault slip

zone(s), core(s) and damage zone dictate the future slip behaviour of the fault.

Rapid changes at the rupture timescale will control whether the slip is unstable

or not, and changes over longer timescales can control post seismic deformation

and the recurrence of large earthquakes. Therefore, understanding how fault zones

properties change over all time-scales is critical to understand the physics of earth-

quakes. While almost all fault properties (e.g., friction, permeability, anisotropy)

change drastically during earthquake ruptures, the emphasis in this Section will be

on fault elastic properties (i.e., the state of damage in and around faults).

1.4.1 Co-seismic variations of fault elastic properties

Constant seismic monitoring of faults in the last twenty years led to the observa-

tion of time dependent variations in regional elastic wave speed around fault zones

during and after earthquakes. Since it was first observed by Li et al. (1998), numer-

ous studies reported this time dependency of wave speeds and the typical observed

behaviour is a sudden, sizeable co-seismic drop in wave speed followed by a slow

increase towards the pre-rupture value. This increase is often referred to as wave
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speed recovery. The recovery is usually slow, taking several months or years in

some cases, and generally follows a log-linear trend with time.

The most widely cited example of one such observation is probably the work

by Brenguier et al. (2008). They analysed five years of continuous ambient noise

recording from 2002 to 2007 in the Parkfield area in California. Their data span over

two major earthquakes that happened less than 100 km away from the study zone:

the Mw 6.5 San Simeon earthquake in 2003 and the Mw 6.0 Parkfield earthquake in

2004 (Figure 1.8). At the moment of the two earthquakes, they reported a coseis-

mic drop in regional wave speed, the biggest one of which (associated to the Mw 6.0

Parkfield earthquake) had an amplitude of about 0.08% of the pre-earthquake value.

In both cases, the wave speed drop was followed by a gradual wave speed increase

with time. After the Parkfield earthquakes regional wave speed increased back to

their pre-earthquake value in around 3 years. Another example is the work of Fro-

ment et al. (2014). They used active air gun seismic recordings and a micro-seismic

catalogue to image the P and S wave speed structure around the Gofar transform

fault on the equatorial East Pacific Rise. Their catalogue spans over a major earth-

quake of magnitude Mw = 6 which generated a wave speed drop of almost 10% of

its initial value on certain segments of the fault (Figure 1.9). Similarly to the results

of Brenguier, the authors report a recovery of the wave speed drop but over a shorter

period of 50-60 days. However, in the case reported here, wave speeds never fully

recovered and remained roughly 2% below their pre-earthquake value.

Elastic properties of rock and therefore the propagation of elastic waves is di-

rectly linked to the density of cracks present in the rock. In fact, the effect of cracks

on wave velocity in rocks has been studied in the laboratory and is extensively de-

scribed (Birch, 1960, 1961; O’Connell and Budiansky, 1974; Lockner et al., 1977).

Typically, when a rock sample is deformed in the brittle regime, wave speeds drop

as a result of the nucleation of crack damage in the rock matrix. Conversely, upon

increasing the confining pressure around a sample, or upon unloading said sample,

wave speeds increase due to the closure of microcracks. This is due to the fact that

when cracks are added to a medium, they are modifying its compliance; the more
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Fig. 3. Seismic velocity
changes, surface displace-
ments from GPS, and tremor
activity near Parkfield. The
red curve represents the
postseismic fault-parallel
displacements along the
San Andreas fault as mea-
sured by GPS at station
pomm (Fig. 1) (29). The
tremor rates are averaged
over a centered 30-day-
length moving time window.

Fig. 2. Relative travel-time change measurements
(Dt/t). (A) Thirty-day stacked cross-correlation
functions (CCF) for receiver pair JCNB-SMNB. The
black curve represents the reference stacked cross-
correlation function. The CCFs are filtered between
0.1 and 0.9 Hz and normalized in amplitude. (B)
Time shifts averaged over 91 receiver pairs and
coherence measured between the reference stacked
and 30-day stacked cross-correlation functions (fre-
quency band, 0.1 to 0.9 Hz).
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Figure 1.8: Seismic wave speeds and ground motion inferred from GPS data near Parkfield,

California. In red is represented the ground motion parallel to the fault. From

Brenguier et al. (2008).

cracks, the more compliant the medium is and therefore the slower the elastic waves

are propagating (Sayers and Kachanov, 1995; Guéguen and Sarout, 2011). From

this, we can interpret the observed wave speed drop associated with earthquakes as

an increase in the amount of damage in the fault damage zone, either by reactivation

of the pre-existing cracks or by nucleation of new ones (e.g., Rubinstein and Beroza,

2004; Karabulut and Bouchon, 2007). Conversely, the post-seismic time dependent

increase of wave speeds could be interpreted as an effect of damage recovery taking

place in the fault damage zone.

However, even if the general behaviour of the wave speed is agreed upon and

observed in all of the studies, some discrepancies remain concerning the wave speed

drop and recovery amplitudes. Some recent studies reporting wave speed recovery

have been gathered table 1.1 where we summarize the monitoring method used

by the authors, the amplitude of the co-seismic wave drop and the apparent time-

scale of the post-seismic wave speed recovery. The first major discrepancy between
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Figure 6. Temporal changes in (top) microseismicity rate and in (bottom) seismic velocity for the three segments. The
vertical dashed line shows the time of the September Mw 6 event. The rate of microseismicity is taken from the waveform
correlation detection catalog of McGuire et al. [2012], and has been estimated in 8 to 11 km long segments based on
the along-strike Vp models (see Appendix B) for segments 1 and 2. As for segment 3, the rate of microseismicity shown
corresponds to the entire western part of the fault beyond segment 2. The seismic velocity changes for segments 1, 2,
and 3 come from changes in travel times between doublet seismograms recorded by G08, G06, and G04, respectively.

because of the large velocity variations occurring in the medium, this global reference may significantly dif-
fer from current waveforms, leading to noisy measurements. We thus perform measurements in four time
periods to refine the temporal evolution locally. These four time periods are defined using the overall mea-
surements and can be designated relative to the 2008 Mw 6.0 earthquake (which occurred on Julian day 262)
as follows: the late interseismic period (Julian days 200–254), the preseismic period (Julian days 254–261),
the early postseismic period (Julian days 263–290), and the late postseismic period (Julian days 290–365).
Measurements within these periods are made using a “local” reference trace, that is, the stack of similar
events within that time period. Within each of these time periods, we define similar events to be event clus-
ters having waveform cross-correlation coefficients (cc) larger than 0.85. Note that the cc cutoff is lower
and variable in the overall measurement to span the whole time range. We finally calculated the median
value of the four periods using the overall measurement to put them on the same plot and estimate the
amplitude of the major preseismic and coseismic changes. These measurements quantify changes in the
average S wave velocity as seen by the first few seconds of the S wave coda. The changes are not sim-
ply mapped to a specific region within the Earth but given the frequency band used (�5–10 Hz) and the
magnitude of the travel time delays, they likely represent an average over the shallow (�0–3 km) fault zone.

We also follow the temporal evolution of the microseismicity rate in each area. The latter has been estimated
in 8 to 11 km long segments based on the Vp model (see Appendix B) for segments 1 and 2. As for segment
3, the rate of microseismicity shown corresponds to the entire western part of the fault beyond segment 2.
This allows us to include the whole swarm of about 20,000 events that occur in December 2008 in the
western part of the fault and extend into the area which is not resolved by our inversion according to the
synthetic tests.

The temporal changes in shear wave propagation speeds and (micro)seismicity rates corroborate the
along-strike segmentation of mechanical properties and seismogenesis (Figure 6). Segment 2, as depicted in
Figure 6 (middle), shows a seismicity history dominated by aftershocks of the Mw 6 event that follow the typ-
ical Omori’s law decay. The level of microseismicity before the main shock as well as a few weeks after is very
low. The seismic velocity changes also show a strong signature of the Mw 6 earthquake with a clear coseis-
mic velocity drop followed by at least a few weeks recovery. By contrast, segment 1 (Figure 6, right) shows a
high level of microseismicity during the months before the Mw 6 event which culminates in an intense fore-
shock sequence in the week before the main shock. The seismicity dramatically drops at the time of the Mw

6 earthquake and remains very low in the postseismic period relative to the pre–main shock level. Seismic-
ity rates clearly covary with changes in seismic velocity. This is most apparent before the main shock, when
intensification of seismicity coincides with a clear reduction in seismic propagation speed (around Julian

FROMENT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7182

Figure 1.9: The microseismic activity (top) and the relative velocity change (bottom) in

three parts of the Gofar fault. The dashed line shows the time of the magnitude

Mw = 6 main shock. From Froment et al. (2014).

the different field data is the amplitude of the wave speed drops. While some au-

thors recorded co-seismic wave speed drops of more than 40% of the initial veloc-

ity (Karabulut and Bouchon, 2007) others recorded drops of less than a tenth of a

percent (Brenguier et al., 2008). The apparent time-scale of the recovery is also

variable between studies. Gassenmeier and co-workers recorded a wave speed re-

covery that took several years to bring the local elastic wave speeds back to their

pre-earthquake value (Gassenmeier et al., 2016) whereas Karabulut and Bouchon

recorded a recovery of only a few seconds. The apparent lack of quantitative con-

sistency in the observation is due to the very nature of seismic studies. The use

of different monitoring methods and seismometer arrays prevent any comparison

as each method and sensor array record different data with different sensitivities

and sampling volumes. Even when the same method was used by different stud-

ies, the recovery phenomenon is likely to be very site specific. For these reasons,

no conclusion other than qualitative ones can be drawn from field studies and sys-

tematic laboratory studies of the phenomenon have to be conducted to improve our

understanding of wave speed recovery.
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1.4.2 Post-seismic damage healing and recovery processes

We have seen in the previous section that regional wave speeds around faults at the

moment of earthquakes change dramatically and recover afterwards. The growing

interest of the community along with earlier work, notably in the field of material

sciences, have led to the identification of several potential sources of post seismic

wave speed recovery. Fault damage recovery is a complex interplay of mechanical

and chemical processes that can be separated in two categories:

• Chemical potential gradient driven processes.

• Mechanical closure processes.

The understanding of those processes is critical in comprehending time dependent

behaviour of faults. In this section we will go over all the mechanisms identified to

date, their potential at changing elastic properties of rocks and their timescales.

1.4.2.1 Chemical damage healing

In general, chemical processes involved in damage recovery are driven by gradi-

ents in chemical potential. Let us first consider crack healing by surface diffusion.

In this case, the variations in curvature of crack surfaces generate gradients in sur-

face energy. These initiate mass transfer by surface diffusion from the middle of

the crack to its tips in a phenomenon commonly referred to as "crack self-healing"

(Evans and Charles, 1977; Smith and Evans, 1984; Zhang et al., 2001; Renard et al.,

2009). Crack self healing can lead to the formation of peculiar structures (Figure

1.10). Crack tips are rounded by the diffused material until a tube is formed and

eventually completely separated from the crack. This tube, in turn, is segmented in

rounded globules as the process continues due to an instability akin to the Rayleigh-

Plateau instability. Therefore, the presence of tubes and rows of fluid inclusions is

a good indicator of past crack self-healing in rocks microstructures (Figure 1.11).

This process was first observed in metals but experiments in rocks showed that it

was a potential damage recovery source (Smith and Evans, 1984; Brantley et al.,

1990). Studies showed that for self-healing to occur in rocks, cracks need to be in

the presence of water at high temperature. The recession rate of the cracks due to
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4126 SMITH AND EVANS: DIFFUSIONAL CRACK HEALING IN QUARTZ 

Fig. 1. A schematic diagram of the crack healing process. (a) 
Because the crack tip region has very high surface curvature, 
chemical potential gradients exist which may cause mass transport, 
and the initially sharp crack becomes rounded along the tip. The 
initial position of the crack tip is denoted by do. (b) As the process 
proceeds cylindrical voids are formed at the tip of th e open crack. 
The cylindrical voids are themselves unstable and pinch off into 
spherical voids. The new position of the tip of the open crack is 
shown at a. The crack regression distance (L) is/a-do/. (c) Eventual- 
ly, a plane of bubbles is formed which is relatively stable to further 
change. Because of the relative stability of the bubble planes, we 
call this portion of the crack "completely healed" even though 
porosity still exists. In portions of the crack removed from the 
original crack tip, new cylinders are forming and pinching off. 

and Ds is the surface diffusion coefficient, At is the time 
required for the first ovulation event, R is the cylinder 
radius, •/is the surface energy, 11 is the atomic volume, •, is 
the number of diffusing atoms per unit surface area, k is the 
Boltzmann constant, and T is the absolute temperature. 
Ovulation times for the other two paths were not obtained, 
but Nichols remarked that because of the similarities in the 
instability analysis, one expects the ovulation time for pore 
fluid transport to be similar to that for the surface diffusion 
case, if the appropriate rate controlling constant is substitut- 
ed for Ds. The theoretical predictions of Nichols and Mullins 
appear to be borne out by experiments conducted on salts 
and ceramics both with and without pore fluids present 
[Lemmlein, 1956; Yen and Coble, 1972; Gupta, 1975, 1976, 
1978, 1980]. 

Shelton and Orville [1980] and Pecher [1981] have demon- 
strated that crack healing is possible in quartz at laboratory 
conditions and have described the general geometry of 
cracks healed in the laboratory. The experiments described 
here were intended to extend quantitatively those studies 
and to provide preliminary indications of the mechanism of 
mass transport and the effect of temperature and pore fluid 
composition on the rate of crack healing in quartz. 

EXPERIMENTAL METHOD 

Square prisms of several millimeters in length and approx- 
imately 1 mm in width, cut from a single crystal of synthetic 
quartz free of flQid inclusions or cracks, were cracked by 
rapid quenching from 300øC in a water bath. After drying, 
the cracked samples were sealed in a gold capsule with either 
distilled water or a silica solution of known concentration; 

some experiments were also done with no added pore fluid. 
The concentrated stock solution for the silica-rich pore fluids 
was prepared by using Rhode's method [Crerar et al., 1981]; 
the silica concentration of the stock solution was measured 
by using the heteropoly blue method of molybdate colorime- 
try [American Public Health Association, 1976]. Immediate- 
ly before each run, an aliquot of the stock solution was 
diluted to the desired concentration and acidified to pH 7 
[Crerar et al., 1981]. The diluted solution was then used as 
the pore fluid for a crack healing experiment. Pore fluid 
concentrations are given for each experiment in Table 1. In 
all cases, the initial silica concentration of the pore fluid was 
less than the saturation value at the run conditions [Walther 
and Helgeson, 1977]. 

After checking for leaks, the samples were loaded into a 
standard externally heated rod bomb and brought to tem- 
perature and pressure. Experimental details are as follows: 
The sample assembly took from 15 to 45 min to reach the run 
temperatures of 200 ø, 400 ø, and 600øC; the time at tempera- 
ture ranged from 0 to 48 hours; temperature accuracy was 
-+ 10øC; the experiments were conducted at 2 kb confining 
pressure in order to remain in the stability field of a quartz at 
all temperatures. At the conclusion of the annealing run, the 
bomb was cooled to 200øC, at which time the pressure was 
released. Quench times were 10-15 min. The gold capsule 
was then removed from the bomb and checked to see that it 
contained liquid; if the sample was dry the capsule was 
assumed to have leaked during the run. In most cases, some 
etching of the crystal surface was evident, but in a few cases 
a minor amount of silica precipitate was notiCi•i:On the walls 
of the gold tubes. Owing to the small ami6ild'nt of liquid 
involved, we did not attempt to measure the s'ilica content of 
the fluid after the run. The samples were then examined 
optically, and spatial measurements were made by using a 
micrometer eyepiece calibrated by a stage micrometer. 

RESULTS 

Morphology of Annealed Cracks 
The microstructure of the cracked quartz samples changed 

in several ways during the experiments. First, the total 
number of cracks in the samples, including both the healed 
and unhealed cracks, always increased as a result of han- 
dling during the experiment. We suppose that new cracks 
may be introduced during loading, pressurization, depres- 
surization, and unloading; thermal shock during the quench 
process could also increase crack density. Second, in some 
samples, we observed arrays of tubes and bubbles which lay 
roughly on curved surfaces which we call bubble planes after 
Simmons and Richter [1976]. These bubble planes were 
morphologically similar to those observed in previous crack 
healing experiments in quartz [Shelton and Orville, 1980; 
Pecher, 1981], magnesium oxide [Gupta, 1975, 1976], urani- 
um oxide [Bandyopadhyay and Roberts, 1976], aluminum 
oxide [Yen and Coble, 1972; Gupta, 1976, 1978, 1980], and 
sodium nitrate [Lemmlein and Kliya, 1960; Lemmlein, 1956] 
and to features interpreted as naturally healed fractures in 
rocks (for example, see Simmons and Richter [1976], Swan- 
enberg [1980], and Roedder [1981] for reviews). Since the 
spherical bubbles represent relatively stable pore shapes, we 
refer to the bubble planes as being completely healed. 

In those samples where little or no crack healing was 
observed (see Table 1), the annealed open cracks retained 

Figure 1.10: Schematic of the diffusive crack healing phenomenon and the formation of

fluid inclusion rows. From Smith and Evans (1984).

diffusional healing is temperature dependent, being faster at higher temperatures.

Moreover, crack self healing is also dependent on the crack shape; in fact Hick-

man and Evans (1987) showed that narrower cracks were receding faster than wider

ones. Diffusive healing can also lead to restrengthening to some extent, Evans and

Charles (1977), showed that healed cracked alumina samples were stronger than

the unhealed ones. Similarly, (Tenthorey and Cox, 2006) showed that fractures in

sandstone samples would restrengthen when left in hydrothermal conditions for ex-

tended periods of time. Taken together, these studies show that crack self healing

can be a potent wave speed recovery mechanism at depth, where hydrothermal con-

ditions promote it.

The second chemical process potentially responsible for damage recovery is

pressure-solution around contacts in the cracks. When two surfaces of a crack

are brought together (e.g under the influence of confining pressure) islands of con-

tact form and act as stress concentrators (Dieterich and Kilgore, 1994, 1996). The

increased stress in the props will increase the solubility of the material, causing

local dissolution and precipitation. This phenomenon can lead to the spreading

and cementing of contacts, increasing the overall stiffness of a crack (Figure 1.12).

Similarly to crack self-healing, it has been shown that pressure-solution is temper-

ature dependent, the process being much faster at high temperatures (Beeler and
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Fig. 4. Transmitted light photomicrographs of crack ~ 1 in CHC 7 after healing at 780 ° C for the times shown. Notice the formation 
of tubular pores around the outside edge of the crack and the subsequent ovulation of bubbles from these tubes. Healing is accelerated 
in the center of this crack by the incorporation of isolated "is lands" (I) into the advancing crack front 

Figure 1.11: Snapshots of the healing of a crack in calcite at 750�C. The crack healing pro-

cess left characteristic rows of bubbles around the crack tip. From Hickman

and Evans (1987).

Hickman, 2004, 2015). Additionally, Beeler and Hickman (2004) showed that both

pressure-solution and diffusive crack healing occur concurrently and that under the

combined action of both processes, crack damage is recovered quickly at high pres-

sure and temperature. Due to their similar nature, crack self-healing and pressure-

solution might often be active contemporaneously in fault zones, accelerating re-

covery of rocks in hydrothermal conditions further.

Finally, the last chemical process is the sealing of cracks by mineral precipi-

tation. This phenomenon is driven by gradients in the concentration of dissolved

minerals in the pore fluid. The circulation of mineral-rich water in cracks can lead

to the precipitation of the solute phase within the crack eventually forming a seal-

ing vein. Given the damage zone is a permeable area prone to the circulation of

water (Faulkner et al., 2010), this phenomenon is likely to occur during the inter-

seismic period and the precipitation of minerals in cracks can alter the flow-path in

the damage zone with potential impact on the seismic cycle (Sibson, 1992). This

is beautifully illustrated by the work of Jones and Detwiler (2016). The authors
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created an artificial fault in the laboratory and imaged the changes in flow-path due

to the precipitation of minerals (Figure 1.13). The flow properties of the artificial

fault are dramatically changed by the nascent vein, with flow concentrating along

preferred paths. Additionally, the effect of crack sealing on the elastic properties

of rocks has also been investigated. It was shown by Aben et al. (2017) that seal-

ing had a limited impact on wave speeds in rock samples and that a damaged rock

can remain permeable even after having recovered some of the damage-induced

wave speed reduction. Finally, it was shown that crack sealing is a very slow phe-

nomenon. In nature, filling a several mm thick vein could take 103 to 106 years and

thus extremely large amounts of fluid would be necessary (Lee and Morse, 1999).

These observations tend to rule out crack sealing as a major driving phenomenon for

fast post-seismic wave speed recovery but showed how the circulation of mineral-

rich water around a fault can alter its properties in the long term and potentially

controlling the recurrence time of earthquakes.

1.4.2.2 Mechanical damage recovery

The mechanical response of rocks subjected to stress variations during and after

earthquakes might be the fastest and the most dramatic, potentially altering wave

speeds considerably. However these mechanical effects and how they impact elastic

waves propagation are still poorly understood and have been paradoxically little

studied. In this section we will focus on the elastic and plastic response of cracks to

changes in stress and their potential impact on wave speed in fault damage zones.

The crack population within the damage zone of the fault would react instantly

to changes in the stress field by closing or opening depending on their orientation.

The effect of stress on crack population and therefore on elastic wave propagation

was gathered in Paterson and Wong (2005)(Chapter 5, p.81). An increase in dif-

ferential stress will tend to elastically open cracks lying parallel to the direction of

compression and conversely close those perpendicular to the compression axis. In

their 2018 study, Passelègue et al. (2018) showed that strong anisotropy (> 20%)

are developing during cyclic triaxial loading of Westerly granite samples but that it

is vanishing almost totally upon unloading the samples. This underlines the rapid
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Figure 1.12: Successive images of a quartz contact at 425�C and 150 MPa confining pres-

sure. The red arrow points at a secondary contact that is incorporated in the

principal one over time. The resulting microstructure is characterized by fluid

micro-inclusions. From Beeler and Hickman (2015).
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Figure 3. Normalized concentration measurements (C�Co) during nonreactive tracer injection (log(�CaCO3
) = 0)

demonstrate how mineral precipitation altered flow. These C�Co fields are frames taken from animations of the dye
injection (Movies S1 and S2) after 0.3 injected pore volumes. C�Co at t = 0 shows that initial aperture heterogeneity-
induced velocity variations across the flow field that were quickly dampened by mixing between fast and slow flow
paths. At t = 82 days, mineral precipitation created thin preferential paths and low-flow regions where the flux of
dissolved species decreased. The small boxed region indicates a portion of the fracture that is analyzed at the local scale
and discussed in detail in Figure 4. The bottom frames show the width-averaged precipitation rates ( �R, cm

s
) in the mean

flow direction at t = 0 and 82 days. The red data points are measured �R, and the black curves are best fit solutions to the
steady state 1-D advection reaction equation. Precipitation rate profiles demonstrate that flow channeling caused �R to
decrease by 72% at the fracture inlet.

�R = MCaCO3

�CaCO3
� k � AR(�CaCO3

� 1)3, where MCaCO3
is the molar mass of CaCO3 ( g

mol
) and �CaCO3

is the density of

calcite ( g
cm2 ), to measurements of �R by adjusting k � AR to minimize the sum of squared residuals between the

observed and modeled values within the reaction zone.

At early time, the one-dimensional model agrees very well with the measured precipitation rates along the
length of the fracture using a value of k �AR = 10�14.46 mol

cm2�s
(Figure 3b). The agreement between predicted and

measured �R demonstrates that despite local aperture and mineral heterogeneity, a simple 1-D model, which
uses average aperture, reactive surface area, and velocity, effectively predicts mineral precipitation rates. This
suggests that as precipitation increases AR, local rates will increase, leading to rapid fracture sealing. However,
the precipitation rates measured at late time in our experiment demonstrate the opposite.

The best fit between �R derived from (1) and the measured precipitation rates at late time requires a 70%
reduction in k �AR. In addition, because �R no longer decreases monotonically along the length of the fracture,
the solution to equation (1) deviates significantly from the relatively constant precipitation rates observed
within the reaction zone. The largest difference between observed and predicted �R occurs approximately
6 cm from the inlet, where (1) underestimates �R by 65%. Beyond the reaction zone, the model predicts the
precipitation rates quite well.

The discrepancy between observed and predicted precipitation rate at late time suggests that a single,
volume-averaged value of k � AR becomes less representative of the local precipitation kinetics as preferen-
tial flow paths develop. To better understand the mechanisms responsible for the deviation from modeled
behavior, we explored the evolution of a local region (white box in Figure 3a) over the duration of the precip-
itation experiment. Figure 4 shows a series of measurements from this region at t = 17, 38, and 82 days, with
C�Co in the top row, b�bo in the middle row, and the projected CaCO3 distribution (yellow) superimposed

JONES AND DETWILER MINERAL PRECIPITATION IN FRACTURES 7567

Figure 1.13: The formation of preferred flow paths in a laboratory vein. At the beginning of

the experiment, the concentration of dye is widely spread when after 82 days

it is concentrated along preferred flow paths between patches of precipitated

calcite. The preferred flow paths are concentrated around the inlet of the fluid

and the dye eventually spread again further away. From Jones and Detwiler

(2016).

response of the crack damage array to changes in the stress regime. Rapid changes

in the tectonic stress field after an earthquake could therefore be responsible for vast

changes in crack population resulting in wave speeds and anisotropy variations.

While the elastic response of the damage could be responsible for instanta-

neous change in wave speed, plastic mechanical recovery could be responsible for

the observed time-dependent recovery. Schubnel et al. (2005) showed that a size-

able amount of he wave speed could be recovered in dry damaged Carrara marble.

They observed time dependent increase in P and S wave speeds of almost 100 m/s

over less than 1 hour. The authors interpreted this result as being due to backsliding

on microcracks with time-dependent coefficient of friction (state variable). Simi-

larly, Brantut (2015) recorded wave speed in Purbeck limestone after an episode

of deformation, showing a wave speed increase of roughly 5% of the initial wave

speeds over two days. Additionally, he reports that the presence of water seem to

amplify the recovery but that it is still significant when the samples are saturated

with a chemically inert fluid. This demonstrates the importance of mechanical re-
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covery which seems to account for a large part of the total wave speed recovery.

He interprets the wave speed recovery as a combination of crack backsliding and

asperity creep within the cracks.

It is common for experimentalists to invoke two phenomena potentially respon-

sible for mechanical recovery, namely crack backsliding and asperity creep. During

deformation, cracks nucleate and experience some amount of shear. This lateral

motion of the crack surfaces results in the building up of stresses at the crack tips,

eventually opening new tensile crack emanating from the tips of the shear crack

(Brace et al., 1966; Ashby and Sammis, 1990). These secondary cracks are usu-

ally termed "wing-cracks". Upon unloading the sample, local residual stress can

build up due to the interlocking of grains and crack sliding (Brantut, 2015). If these

local stresses overcome the frictional strength of the shear crack, it can promote

slow, time-dependent reverse sliding which in turn will translate to the closure of

the wing cracks and a recovery of the dilatancy (Scholz and Kranz, 1974; Basista

and Gross, 1998; David et al., 2012). This sliding is expected to slow down as

the internal stresses are relaxed and therefore could be responsible for the observed

time dependency of wave speeds.

Contact asperity creep is caused by the inherent roughness of crack surfaces

produced during their nucleation and subsequent slip (Kranz, 1983). This rough-

ness might be mismatched between opposing crack surfaces (e.g., if the crack has

a component of shear) so that when they are brought together under the influence

of stress, surface asperities and debris will act as props preventing a total closure.

These props concentrate stress, so much so, that some asperities can reach high

enough stresses to initiate plastic creep. This phenomenon has been observed and

is commonly considered to be responsible for time dependent frictional strength of

surfaces (e.g., Dieterich and Kilgore, 1996; Nagata et al., 2014). The presence of

props in a crack dramatically increase its stiffness and therefore an increasing num-

ber of props and conctact area over time would translate to a time-dependent in-

crease in wave speed (Sayers and Kachanov, 1995; Guéguen and Kachanov, 2011).

Mechanical recovery is still poorly understood and there is a paucity of systematic
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studies on its effects. Therefore it is important to address this lack to further advance

our understanding of the seismic cycle.

1.5 Carrara marble

In this manuscript, all experiments were conducted on samples of Carrara mar-

ble therefore, before continuing, it is important to introduce this material. Carrara

marble has always been a favourite among rock physicists. In addition to its ev-

ident aesthetic value (Figure 1.14), Carrara marble has peculiar intrinsic physical

properties that are most useful in the laboratory (see for instance the early work

of Rayleigh, 1934). Carrara marble is a metamorphic rock quarried in the city of

Carrara, Tuscany, Italy. The use of Carrara marble for aesthetic and monumental

purpose has been traced back to ancient Rome, but its use in the laboratory dates

back to 1911 with the pioneering work of von Kármán. A petrofabric analysis of

Carrara marble was conducted by Ramez and Murrell (1964). They reported that

Carrara marble is a monominerallic calcite aggregate of grain size ranging between

70-220 µm. The grains do not show signs of strain, cloudiness or marginal granu-

lation. Unlike the block studied by Ramez and Murell, the quarried block used in

the experiments presented in this manuscript do not show any sign of foliation or

carbonaceous intrusion. In their work, Ramez and Murell also studied the crystal-

lographic preferred orientation in Carrara marble (CPO), and found that the grains

only have a weak CPO. This makes Carrara marble an ideal isotropic rock. For

the purpose of their work, Rutter (1972) measured the porosity of Carrara marble

using water saturation and found a value of 0.1%. The elastic constants of Carrara

marble were determined by Schubnel et al. (2005) using elastic wave speeds. They

report a poisson ratio n = 0.29 and a Young modulus E = 72.5 GPa. Similarly

to most calcite aggregates, Carrara marble undergoes a brittle-ductile transition at

room temperature and moderate confining pressure. This particularity is due to the

relative weakness of calcite e twinning systems and r glide systems which can be ac-

tivated at room temperature and moderate pressure (Turner et al., 1954; De Bresser

and Spiers, 1997). The resulting mechanical behaviour of Carrara marble was fully
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explored by Fredrich et al. (1989) (Figure 1.15). They reported a transition between

strain softening and localised failure behaviour to macroscopically ductile strain

and work hardening behaviour at a confining pressure Pc = 30 MPa correspond-

ing to the localised-ductile transition. Similarly, dilatancy in their experiments de-

creased rapidly from Pc = 5 MPa to Pc = 85 MPa and finally reached almost 0 at

Pc = 300 MPa. Moreover, the overall strength of the sample was pressure-sensitive

up to Pc = 300 MPa and subsequently increased by only 5% from Pc = 300 to

400 MPa. Consequently, the authors concluded that Carrara marble was fully plastic

at pressures around 300 MPa, and therefore the semibrittle field of Carrara marble

lies between Pc = 30 and 300 MPa. Interestingly, the authors conducted a thorough

analysis on the yield mechanism of Carrara marble in this pressure range. They

noticed that the stress at the onset of dilatancy (C’) and the yield stress sy were

equal for pressures up to around 85 MPa. With further increase of the confining

pressure, C’ continued increasing while sy remained roughly constant. This indi-

cate a transition in yield mechanism from microcracking to constant volume plastic

deformation such as twinning and dislocation glide.

1.6 Project aims

We saw in this chapter that the elastic properties of faults can vary rapidly and dra-

matically during and after earthquakes. While we have identified possible recovery

mechanisms that could be the source of such changes, there is still a paucity of stud-

ies on purely mechanical behaviour. Seismic studies being too different from one

another to draw conclusion about the amplitude and timescale of the wave speed

recovery, we will try to assess the impact of mechanical damage recovery on wave

speeds. In Chapter 2 we conducted experiments in damaged dry Carrara marble

cores and quantified the impact of mechanical recovery on wave speeds. We draw

conclusions about how mechanical recovery could affect the seismic cycle by ac-

celerating chemical healing of cracks. In Chapter 3, we focused on the interactions

between creep and mechanical damage recovery. We show that time-dependent

deformation can be accompanied by considerable wave speed recovery given the
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Figure 1.14: Micheangelo’s David (1501-1504), one the most striking use of Carrara mar-

ble, exposed in Florence, Italy. Prior to being moved to its current location in

the Galleria dell’Accademia, it was exposed outside the Palazzo Vecchio. It

is believed that it was resting in a slightly tilted forward position, leading to

time-dependent deformation of its ankles, which are nowadays threatening its

structural integrity. Photography from www.e-venise.com.

deformation rate is below a threshold strain rate. We interpret this strain rate thresh-

old as a transition between brittle and plastic creep. Additionally, we present data

during the unloading of samples that have undergone creep and recovery and show

that the stress perturbation partly negates the wave speed recovery. We interpret this

surprising result as a marker of crack reverse-sliding.

In their contribution to the Heard volume in 1990, Brian Evans, Joanne

Fredrich and Teng-Fong Wong wrote : "Can the conditions for the [localised-ductile

and brittle-plastic] transitions be constrained by empirical or semi-empirical bounds
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Figure 1.15: Evolution of the overall strength (s2%), the stress at the onset of dilatancy (C’)

and the yield stress (sy) with confining pressure in Carrara Marble at room

temperature. The strength of the e twinning system and the r slip system are

indicated for reference. From Fredrich et al. (1989).

?". In this manuscript, we tried to answer this question, at least partly, which is still

outstanding to date. By the means of experimental deformation of faulted samples,

we explored the localised-ductile transition in rocks and established a criterion for

the partitioning of strain between on-fault slip and ductile matrix deformation. The

results of this work are presented in Chapter 4. In Chapter 5, we tested our newly

found criterion against a particular case of fault geometry, smooth faults. This al-

lowed us to show that the established criterion can still describe strain partitioning

and the conditions of the localised-ductile transition even in the case of unstable

slip.



Chapter 2

Confining pressure dependent

damage recovery in Carrara marble

2.1 Introduction

In the cooler shallow part of the crust, tectonic strain is accommodated on sharp,

localized faults. These crustal faults vary in shape and size depending on the local

geology, tectonic setting and fault history, but they can be described to the first order

by a localized fault core embedded in a damage zone (Faulkner et al., 2010). The

fault core usually contains granular rock material resulting from wear of the fault

walls during slip. The damage zone is a pervasively cracked region of country rock

surrounding the fault core and is formed by the high dynamic stresses accompanying

seismic ruptures. The intrinsic properties of the fault core and the fault damage zone

dictate the future slip behaviour of the fault and are not constant through time. They

vary over very short time-scales (e.g an earthquake rupture) or over very long time-

scales (e.g inter-seismic period).

In particular, recent seismological studies have shown that seismic wave speeds

(and therefore elastic moduli) tend to drop during earthquakes and recover in the

post-seismic period. While a growing number of studies report such behaviour (e.g.,

Table 1.1), the amplitude of the co-seismic wave speed drop and the time-scale of

the subsequent recovery varies over several orders of magnitude depending on the

study. For example, Brenguier et al. (2008) report a co-seismic wave speed drop of
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0.06% and an apparent recovery time-scale of years, when Karabulut and Bouchon

(2007) recorded a wave speed drop of 45% followed by a very fast recovery over a

few seconds. The origin of this apparent lack of quantitative consistency between

the studies lies in their very nature. In fact, the studies mentioned here span sev-

eral locations across the globe (e.g., San Andreas Fault, California, North Anatolian

Fault, Turkey) and the data were collected using different methods (e.g., noise cor-

relation, active seismic survey); therefore a direct comparison would be irrelevant.

Understanding this gradual change in elastic properties of faults is key in under-

standing post-seismic deformation, tectonic loading of faults and other larger scale

processes, this is why, laboratory studies in controlled environments are necessary

to constrain the mechanisms at play and their associated time-scales.

Elastic properties of rocks and therefore the propagation of elastic waves is

directly linked to the density of cracks present in the rock (Birch, 1960, 1961;

O’Connell and Budiansky, 1974; Lockner et al., 1977; Sayers and Kachanov, 1995;

Guéguen and Sarout, 2011). The co-seismic decrease in regional wave speed around

faults at the time of a seismic event is therefore generally interpreted as being due to

the nucleation and/or reactivation of crack damage in the fault damage zone due to

changes in local stress or strain (e.g., Rubinstein and Beroza, 2004; Brenguier et al.,

2008; Olivier et al., 2015; Taira et al., 2015). Consequently, the subsequent recov-

ery of wave speed is associated to the closure (i.e., aperture reduction) or healing

(i.e., removal of cracks from the medium) of the co-seismic crack damage.

Past studies have identified several crack closure and healing mechanisms

which can be separated in two categories: chemically driven and mechanically

driven. Three different phenomena fall into the chemically driven category. Firstly,

crack healing driven by surface diffusion, where variations in the curvature of the

crack surfaces create surface energy gradients leading to mass transfer from the cen-

tre of the cracks to their tips. This phenomenon was first observed in metals and

has been studied extensively since it represents a source of wave speed, permeabil-

ity and strength recovery in rocks (e.g., Evans and Charles, 1977; Brantley et al.,

1990; Smith and Evans, 1984; Zhang et al., 2001). The second healing process is
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crack closure and asperity growth due to pressure solution. Under the influence of

stress, the surfaces of a crack can be brought together forming islands of contact at

asperities. These asperities will act as stress concentrators and the increased stress

will in turn locally increase the solubility of the material, leading to local dissolu-

tion and precipitation. This will in turn result in a spreading and cementing of the

contacts effectively increasing the stiffness of cracks (Beeler and Hickman, 2004,

2015; Gratier et al., 2014, e.g.,). Thirdly, crack sealing due to the precipitation of an

external mineral in the crack. This phenomenon is driven by gradients in chemical

concentration and leads to the formation of veins, altering flow paths in the damage

zone and restrengthening the rock (Olsen et al., 1998; Lee and Morse, 1999; Aben

et al., 2017).

Finally, mechanically driven recovery of cracks consists in an increase in con-

tact area within the cracks under the influence of stress. Possible phenomena re-

sponsible for mechanical are asperity creep (Dieterich and Kilgore, 1996) or back-

sliding on wing cracks (Scholz and Kranz, 1974; Schubnel et al., 2005; Brantut,

2015).

In nature, wave speed recovery around faults is the result of a complex interplay

of all the recovery and healing mechanisms. While it is known that chemical healing

will be rapid at depth (high temperature and pressure) and for small cracks (Beeler

and Hickman, 2015), the amplitude and time-scale of the contribution of mechanical

recovery is still mostly unknown. This question is of importance as mechanical

recovery could be responsible for rapid elastic moduli recovery near the surface,

and accelerated chemical healing at depth.

In this study, we deformed dry cores of Carrara Marble and monitored wave

speeds during a recovery period under constant hydrostatic conditions. We observed

dramatic wave speed drops during the deformation phase followed by log-linear

increase with time during the recovery phase. We recorded recoveries of up to

40% of the total wave speed drop after five days of recovery at 150 MPa confining

pressure. In order to interpret our data, we derived the crack density and contact

island area during our experiments. The wave speed recovery is interpreted as an
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overall log-linear reduction of apparent crack density within the rocks which can be

associated to a contact area growth of almost 40% of the total crack surface. We test

a contact asperity creep and a linear-viscous model in order to interpret our data. We

conclude that mechanical recovery is very fast and could be the main source of wave

speed increase around faults before any chemical recovery, particularly so near the

surface. Such rapid changes in elastic moduli are to be taken into account when

studying post seismic fault deformation.

2.2 Method

Carrara marble is a calcite aggregate from Northern Italy of grain size ranging from

70 to 220 µm. We selected Carrara marble for our series of experiments due to its

isotropic nature and its very low starting porosity (0.1%, Rutter, 1972). We cored

cylindrical samples from a single block without signs of macroscopic anisotropy

using a 40 mm drill bit. Then, we cut the samples to a 100 mm in length and ground

its surfaces to ensure parallelism. The prepared samples were fitted with two strain

gauges that were glued directly onto the core surface and oven dried at 60�C for at

least 48h prior to be jacketed.

Deformation experiments were performed with a conventional triaxial defor-

mation apparatus located in the Rock and Ice Physics Laboratory at UCL, London

(Eccles et al., 2005). With this apparatus, the samples are placed in a steel pres-

sure vessel filled with silicon oil. The pressure is maintained with an external pump

which can reach a maximum pressure of 400 MPa with an accuracy of 0.4 MPa.

The load is exerted by a 150 tonnes servo-controlled hydraulic actuator. The load

is transmitted to the sample with a self-compensated piston with two hemispherical

seats to ensure an even loading of the sample. The load is recorded by an external

load cell and the total shortening (sample and loading column) with two external

Linear Variable Differential Transformers (LVDT; see Section A.1.1 in appendices

for a full diagram of the triaxial apparatus).

The samples were isolated from the oil medium with a Viton rubber jacket fit-

ted with 14 P and 2 Sh piezoelectric transducers. The geometry of the transducer
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array allows for the recording of the P wave speed along four directions with respect

to the compression axis (28, 39, 58 and 90�) and one horizontal measurement of the

Sh wave speed (see Section A.1.2 and Figure A.2 for jacket geometry). The trans-

ducers were wired to the outside of the pressure vessel with ceramic leadthroughs

and connected to 40 dB pre-amplifiers. The array of amplifiers was in turn con-

nected to a pulser and 50 MHz digital oscilloscopes. Active wave speed surveys

were performed by sending a 200 V and 50 MHz pulse to a transducer acting as

a source while recording the resulting wave form with the remaining transducers.

The recorded signals were stacked 10 times to increase the signal to noise ratio.

A full wave speed survey consists in the pulsing of each transducer sequentially.

The wave speed in the sample is computed using a cross correlation between a set

of manually picked arrival time in a "master" survey, and those of the successive

surveys (see Section A.2).

The aim of the recovery experiments was to let the samples recover in constant

hydrostatic stress conditions after a deformation episode. To do so, the experimen-

tal protocol was divided in two stages. During the first stage, the samples were de-

formed at a confining pressure Pc = 40 MPa and a strain rate ė = 10�5 s�1 until 3%

irrecoverable axial strain was accumulated in the sample. When the target strain was

reached, the differential stress was fully removed and the ram lifted off the sample.

Immediately after load removal, the confining pressure was rapidly (⇡ 0.5 MPa/s)

changed to the target recovery confining pressure. During the second stage of the

experiment, the samples were held under constant confining pressure ranging from

Pc = 20 to 150 MPa for extended periods of time (5 to 9 days; Table 2.1). Wave

speed surveys were conducted repeatedly throughout both experimental stages at

time interval ranging from 1 minute during deformation and for the first hour of the

recovery hold time, to 15 minutes during the latest parts of the experiments.

We selected three samples (samples left to recover at Pc = 40, 80 and 150 MPa),

to undergo an additional experimental step after recovery. In these cases, the con-

fining pressure was released step-wise from the recovery confining pressure down

to atmospheric pressure by 10 MPa steps. Every step, the sample was held under
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Sample Duration [days] Pc [MPa]

CMh08 5 40

CMh09 5 80

CMh10 8 120

CMh11 5 60

CMh12 9 150

CMh16 5 20

Table 2.1: Table summarizing the the conditions of the experiments presented in this chap-

ter.

constant confining pressure and wave speeds recorded every minute for 10 minutes.

In order to record the pressure dependency of elastic wave speeds in Carrara

marble we conducted an additional experiment in which we pressurized an intact

sample step wise up to Pc = 150 MPa with 10 MPa pressure steps. Every step, the

pressure was held constant for 10 minutes and wave speeds recorded every minute.

After having reached 150 MPa, the pressure was decreased step-wise and the pro-

cess was repeated down to Pc = 10 MPa.

After recovery, all the samples were retrieved and thin sections were cut out

both in a plane perpendicular and parallel to the loading axis. The thin sections

where photographed using optical and back-scattered electron microscopy.

2.3 Results

2.3.1 Mechanical and wave speed data

With increasing confining pressure, the horizontal P and Sh wave speed in unde-

formed Carrara marble show a marked increase (Figure 2.1). Vp increases from

5500 m/s at Pc = 20 MPa to 6250 m/s at Pc = 150 MPa and VSh from 3350 to

3610 m/s at the same confining pressures. We use the method developed by Walsh

(1965) to graphically infer for the crack porosity in intact Carrara marble. The plot

of confining pressure against volumetric strain can be used to graphically find the

confinement at which all crack porosity has closed and therefore the initial porosity
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Figure 2.1: Horizontal P (triangles) and Sh (circles) wave speeds in intact Carrara marble

as a function of confining pressure.
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Figure 2.2: Confining pressure as a function of volumetric strain in intact Carrara marble.

The black line shows the graphical determination of crack porosity h0 follow-

ing Walsh (1965) approach.

in the intact sample (Figure 2.2). We found a value for the initial porosity of intact

Carrara marble h0 = 0.04%, a value in good accordance with those reported in the

literature (e.g., Rutter, 1972, 0.1%).

During the first stage of the experiments, differential stress increases linearly

with axial strain, then deviates from elasticity and reaches a plateau at 195 MPa

(Figure 2.3). The volumetric strain is first showing positive changes with increasing

axial strain (compactant behaviour) and then, dramatically changes its behaviour
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Figure 2.3: Mechanical data for the first stage of one of the experiments. The sample was

deformed at Pc = 40 MPa and ė = 10�5 s�1.

showing strong negative variations (dilatant behaviour). Simultaneously, the wave

speed along all directions of propagation initially increases by a few tens of m/s

upon deforming and subsequently decreases significantly with further deformation

(Figure 2.4). The amplitude of the P wave speed reduction with axial strain is

greater for the horizontal propagation direction (90�) with a decrease of 39% of the

maximum wave speed, than for the sub-vertical propagation direction (28�) which

decreases by 25%. The Sh wave speed decreases in the same fashion by 42% of

its maximum value. After deformation, recovered "post-mortem" samples did not

show signs of macroscopic strain localization and clear signs of barrelling (Figure

2.5).

During the second stage of the experiments, the P wave speed along all direc-

tions of propagation and the Sh wave speed recover with time in a log-linear fashion

(Figure 2.6). For instance, at the recovery pressure Pc = 40 MPa, the horizontal P

wave speed increased from a minimal value of 3730 m/s up to 3880 m/s over one

day while the horizontal S wave speed simultaneously increased from 2520 to 2615

m/s.

To better quantify the extent of the wave speed recovery, we define the recovery

factor R as

R =
V �V0

Vref �V0
, (2.1)



2.3. Results 75

0 0.5 1 1.5 2 2.5 3

Axial strain [%]

2000

3000

4000

5000

6000

W
av

e 
sp

ee
d

 [
m

/s
]

V
P
 (28°)

V
P
 (39°)

V
P
 (58°)

V
P
 (90°)

V
Sh

 (90°)

P c = 40 MPa

ϵ̇ = 10−5 s−1

Figure 2.4: Wave speed data for the first stage of one of the experiments. The sample

was deformed at Pc = 40 MPa and ė = 10�5 s�1. The angles in brackets are

expressed in degrees with respect to the direction of compression.

20 mm

Figure 2.5: Picture of a Carrara marble sample that has undergone the deformation stage

(Pc = 40 MPa, ė = 10�5 s�1 up to 3% irrecoverable axial strain) but no recov-

ery. The sample shows no sign of strain localization.
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Figure 2.6: Wave speed data along all directions of recording during the recovery holding

time at Pc = 40 MPa. The angles in brackets are expressed in degrees with

respect to the direction of compression.

where V is the wave speed, V0 is the wave speed at the beginning of the recovery

period (i.e., after the confining pressure has been set to its recovery value) and Vref

is the measured reference wave speed in the intact sample at the confining pressure

corresponding to the recovery pressure (Figure 2.1). With this formulation, the re-

covery is expressed as the recovered wave speed over the total wave speed reduction

induced by the deformation episode. For example, a recovery factor R= 50% would

indicate that the wave speed in the sample has recovered 50% of the deformation-

induced wave speed reduction. In this chapter, we will be focusing on the recovery

of horizontal P wave speed as it is the most impacted by the deformation. The re-

covery factor R for the horizontal P wave speed increases with time in a log-linear

manner (Figure 2.7). The extent of the wave speed recovery varies with confining

pressure, at Pc = 20 MPa, the sample recovers 9% of the wave speed reduction after

five days and at Pc = 150 MPa, R is equal to 35% after five days.

2.3.2 Microstructures

As mentioned in the methodology section of this chapter (Section 2.2), thin sections

were prepared from all samples after the recovery hold time. Additionally, thin sec-

tions were made from a sample that had undergone the first stage of the experiment

only (deformation stage) and from an intact core of Carrara marble. Two sections
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Figure 2.7: Recovery factor R (see Equation (2.1)) computed with the horizontal P wave

speed (VP90) for all samples during the recovery hold time. The numbers ad-

jacent to the curves represent the recovery confining pressure (in MPa).

were cut from each sample, one in a plane perpendicular to the direction of com-

pression (radial) and the other in a plane parallel to the direction of compression

(vertical).

The optical microstructure of intact Carrara marble is shown in Figure 2.8. In-

tact Carrara marble is characterised by a homogeneous distribution of calcite grains

of sizes ranging between 70�220 µm. The grains have well defined boundaries and

are generally equiaxed. Twins can be observed in some grains but remain relatively

sparse. No signs of cracking are to be seen in the intact microstructure.

The deformed microstructures show ample signs of cracking and twinning.

In the radial thin section, the crack array consists almost entirely of intragranular

cracks with no particular orientation (Figure 2.9 A.). The intragranular cracks seem

to mostly originate from the grain boundaries and are generally spanning the entire

width of the grains with large apertures reaching in places up to a few µm in some

cases. While some grains are pervasively cracked, other present little to no sign

of cracking. Moreover, the density of twin is noticeably higher than in the intact

section and some grains show dense collections of twins. The microstructure in the

vertical section is similar to that of the radial section with a dense array of wide

intragranular cracks and intense twinning (Figure 2.9 B.). Nevertheless, one im-
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200 µm

GB

T

T

C

Figure 2.8: Optical micrograph of an undeformed sample of Carrara marble. The arrows

and acronyms indicate the following features: GB—grain boundary; C—crack;

and T—twin.

portant difference is that the cracks in the vertical section are preferentially aligned

with the direction of compression.

After 5 days at Pc = 20 MPa, the microstructure shows a dense array of wide

intragranular cracks (Figure 2.10, A.). Most cracks span the entire width of the

grains. The cracks are not evenly distributed among the grains and some grains

are seemingly intact. Twins are numerous and present throughout the thin section.

Their density seems no different than that of the deformed sample (Figure 2.9).

After 9 days at Pc = 150 MPa, the microstructure shows very little cracking and

most grains appear intact (Figure 2.10 B.). The remaining cracks present a greatly

reduced aperture. Twinning is still widespread in the thin section and there appears

to be no difference between the amount of twins in this microstructure and that of

the deformed sample (Figure 2.9).

To resolve for the finer characteristics of the crack network in the microstruc-

tures, we produced Secondary Electron Microscopy (SEM) images of our thin sec-

tions (Figure 2.11). Due to the tendency of cracks to propagate vertically during

deformation, we focused our attention on radial sections which intersect most of

the cracks perpendicularly, consequently giving a better image of crack aperture

throughout the microstructure. The SEM image of intact Carrara marble reveals
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Figure 2.9: Optical micrographs of a sample of Carrara marble deformed at Pc = 40 MPa

and ė = 10�5 s�1. This sample has not undergone any recovery. The thin sec-

tions were cut perpendicular (radial, A.) and parallel (vertical, B.) to the direc-

tion of compression. The arrows and acronyms indicate the following features:

GB—grain boundary; C—crack; and T—twin. Bottom left is a visual cue of

the orientation of the thin sections with respect to the direction of compression.
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Figure 2.10: Optical micrographs of deformed Carrara marble samples after 5 days at

Pc = 20 MPa (A.) and 9 days at Pc = 150 MPa (B.). The arrows and

acronyms indicate the following features: GB—grain boundary; C—crack;

and T—twin. Bottom left is a visual cue of the orientation of the thin sections

with respect to the direction of compression.
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the existence of some little porosity at the boundaries between grains (Figure 2.11

A.). Furthermore, the intact SEM microstructure demonstrates the initial scarcity

of cracks in Carrara marble.

The deformed SEM microstructure confirms the extent of cracking during the

deformation of Carrara marble (Figure 2.11 B.). Intragranular cracks appear rel-

atively straight with little rugosity on their surfaces. Grain boundaries show in-

creased width compared to that in the intact thin section. Moreover, the SEM image

exposes the existence of transgranular shear zones, previously invisible in the opti-

cal microstructures, which contain smaller fractured grains (denoted CA in Figure

2.11 B.). This might indicate some level of shear between grains accompanied by

grain comminution during the deformation of the sample.

After 5 days at Pc = 20 MPa, the sample shows an extensive array of cracks

but with some that have visibly closed (Figure 2.11 C.). The closed cracks seem

to have a reduced length and aperture. Where cracks have closed, a faint scar can

be observed on the surface of the thin section (see cracks indicated CC in Figure

2.11 C.). The presence of these scars at the tip of the partially closed cracks seem

to indicate that crack closure occurred from the tip inwards (see for instance the

crack indicated by CC in left hand side of Figure 2.11 C.). Crack closure is more

pronounced in certain grains, with some showing pervasive cracking while other

are almost back to their undeformed state. Crushed material can still be observed at

grain boundaries.

After 9 days at Pc = 150 MPa, the sample shows a strikingly reduced crack

array compared to the deformed sample (Figure 2.11 D.). The cracks in this sample

have almost all closed with only larger ones showing noticeable aperture. Scarring

can be observed in grains throughout the microstructure (see CC in Figure 2.11 D.).

The grain boundaries are seemingly back to their intact state and the crushed grains

seem to have welded in their bigger counterparts (see WCA in Figure 2.11 D.).

Additionally, we conducted a focused ion beam (FIB) cross section in the sam-

ple that had recovered at Pc = 150 MPa. We targeted the tip of a closed crack

in order to determine the nature of the faint scars observed in the recovered sam-
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ples (Figure 2.12A.). It appeared that the scars are cracks with extremely reduced

aperture, of the order of few tens of nm. Here, we can observe that cracks have

some nanoscopic scale rugosity. The crack surfaces are jagged and in places, we

can observe all but closed contacts between the crack surfaces. The crack aperture

decreases towards its tip until it totally vanishes in the grain.

Finally, it is important to note that none of the recovered samples show any

sign of pressure solution and precipitation (necking at contact asperities, e.g., Beeler

and Hickman, 2015), diffusion healing (array of fluid inclusion at crack tips, e.g.,

Renard et al., 2009) or sealing (veins, e.g., Lee and Morse, 1999).

2.4 Discussion

2.4.1 Sample deformation

Taken together, the appearance of the recovered samples (barrelling, no sample-

scale strain localisation, dense intra-granular microcrack network) and the mechan-

ical data (no stress drop, strong dilation) tend to show that at Pc = 40 MPa, Car-

rara marble is ductile. This behaviour is typical of this rock type and has been

reported in the literature (e.g., Fredrich et al., 1989). The microstructure of the

deformed sample showed intense cracking and twinning (Figure 2.9) confirming

that, at this confining pressure, the rock is in the semibrittle regime, and the main

strain accommodation mechanisms are microcracking and intragranular plasticity.

In our experiments, the opening of microcracks had a significantly higher impact

on the horizontal wave speed than on the subvertical ones, revealing an increase in

anisotropy in the sample as it deforms. This is the consequence of the microcracks

generally opening parallel to the direction of the principal stress in the semibrittle

regime (confirmed by the microstructure, Figure 2.9 B.).

2.4.2 Modelling

In this Section, we propose five different models to interpret the wave speed and me-

chanical data during the recovery hold time. In the first approach, we use the wave

speed data to invert for the crack density tensor as defined by Sayers and Kachanov

(1995). This allows us to model the crack porosity in our samples, and its evolu-
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Figure 2.11: Back-scattered electron microscopy pictures of an undeformed Carrara marble

sample (A.), a deformed sample (B.), a deformed sample followed by 5 days

of recovery at Pc = 20 MPa (C.) and a deformed sample followed by 9 days of

recovery at Pc = 150 MPa (D.). The arrows and acronyms indicate the follow-

ing features: GB—grain boundary; P—porosity; C—crack; CA—cataclasite;

CC—closed crack and WCA—welded cataclasite. Bottom left is a visual cue

of the orientation of the thin sections with respect to the direction of compres-

sion.
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Figure 2.12: FIB cross-section of a closed crack in a grain that underwent recovery at 150

MPa for 9 days. In A. is shown the location of the section and in B. the FIB

section.

tion throughout the different phases of our experiments. In the second approach,

we build on the concept of crack density and use the notion of island factor devel-

oped by Trofimov et al. (2017) to study the impact partial contacts within the crack

porosity would have on the stiffness of our samples. Then, we present a mechanis-

tic model of crack closure driven by contact asperity creep which aims at modelling

aperture changes of the crack population during the recovery hold time, an aspect

of crack geometry overlooked by the previous two approaches. The second to last

model we present here focuses on the volumetric and crack density data to invert

for the apparent crack aspect ratio within the rock samples. Finally, we present a

last mechanistic model in which we study the evolution of a cavity in a macroscop-

ically creeping viscous matrix, and try to conclude on the mechanism behind crack

mechanical recovery using low temperature creep data from Nicolas et al. (2017).

2.4.2.1 Crack density

Elastic wave speeds being tightly linked to the amount of cracks in the sample,

the wave speed recovery is therefore assumed to be caused by a reduction in crack

damage. To better quantify this reduction, we compute the crack density as defined

by Sayers and Kachanov (1995). The crack density tensor was developed by the

authors in order to describe the elastic anisotropy added to a medium by an array
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Figure 2.13: Crack density evolution during the first stage of one of the experiments. The

sample was deformed at Pc = 40 MPa and ė = 10�5 s�1.

of non-interacting, open penny-shaped cracks. This approach describes the state of

cracking in a rock using a dimensionless density r which, for an isotropic crack

distribution, is defined as:

r = Nl3/V, (2.2)

where N is the number of cracks, l is the cracks average length and V the rock vol-

ume considered. In the more complex case of transverse-isotropic rocks, the crack

density is divided in two densities rv and rh which represent the vertical (parallel

to the direction of compression) and horizontal (perpendicular to the direction of

compression) crack populations respectively and for which N and l might differ.

The crack density computation is discussed at length in Appendix B.

The deformation-induced wave speed drop is interpreted as a dramatic increase

in vertical crack density from 0.2 to 0.8 and a comparatively low increase in hori-

zontal crack density from 0 to 0.1 (Figure 2.13). This result corroborates the fact

that most of the damage induced during the deformation stage of our experiment is

comprised of vertical microcracks. It is important to notice here that the data seem

to indicate an initial anisotropy in the sample. This is likely due to an artefact of the

inversion process and does not reflect the reality of the microstructure as confirmed

by the SEM microscopy (Figure 2.11 A.).
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During the recovery holding time, the wave speed increase is interpreted as a

log-linear reduction in crack density (Figure 2.14). The initial vertical crack density

(i.e., at the beginning of the recovery stage) decreases with increasing Pc and ranges

from 0.73 at Pc = 20 MPa to 0.15 at Pc = 150 MPa. The rate of vertical crack

density reduction is also dependent on confining pressure and is lower at higher

confinement. In fact, while at Pc = 20 MPa the crack density decreases from its

initial value of 0.73 to 0.63 over five days, it decreases from 0.15 to 0.11 at Pc =

150 MPa.

We interpret the change in initial crack density as the instantaneous effect of the

increase (or decrease) in confining pressure from the deformation Pc to the recovery

Pc which elastically and instantly closes part of the microcracks in the sample. A

greater confining pressure will therefore induce a lower starting crack density at the

beginning of the holding time. Moreover, the elastic closure of cracks depends on

their aspect ratio and the closure pressure of a crack of aspect ratio x in a medium

of Young’s modulus E is given by

Pclosure = pEx . (2.3)

In other words, thinner cracks are easier to close than their more rounded counter-

parts. Therefore at higher confinement, the cracks remaining at the beginning of the

recovery hold time will tend to have higher aspect ratios. It appears from our data

that the crack density decrease is slower at higher confinement. Consequently, we

can interpret this result as rounded cracks of high aspect ratio being slower to close

than thinner cracks.

Additionally, we computed crack density using wave speeds data obtained dur-

ing the de-pressurisation of the samples left at Pc = 40, 80 and 150 MPa (Figure

2.15). With decreasing confining pressure, the crack density of the sample held at

Pc = 150 MPa increases from its post-recovery value of 0.086 up to 0.44, and the

crack density of the sample held at Pc = 40 MPa from 0.41 to 0.76. All samples

underwent the same initial deformation process and had similar crack densities af-

ter deformation. Therefore, the difference after de-pressurization can be imputed to

the time-dependent mechanical recovery. The fact that cracks did not fully reopen
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Figure 2.14: Vertical crack density for all samples during the recovery hold time. The

numbers adjacent to the curves represent the recovery confining pressure (in

MPa).
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Figure 2.15: Vertical crack density during the de-pressurization of three samples: a sample

recovered at Pc = 40 MPa (triangles), a sample recovered at Pc = 80 MPa

(circles) and a sample recovered at Pc = 150 MPa (squares). The bold symbols

represent the confining pressure at the beginning of the de-pressurization (i.e.,

the recovery confining pressure).

during the de-pressurization shows that crack mechanical recovery is partly irre-

versible. This observation is supported by the microstructures which show vastly

different states of cracking after few days of recovery at Pc =20 and 150 MPa (Fig-

ure 2.11 C., D.).
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2.4.2.2 Island factor

In the preceding section we interpreted the increase in wave speeds (stiffening of

the medium) as a reduction in crack density using a model based on non-interacting

open penny shaped cracks. This interpretation implies that the amount and/or length

of cracks per unit volume of the sample has decreased due to some healing process

which might not necessarily reflect the reality of a dry rock where no chemical pro-

cess can restore the crystal lattice and permanently remove cracks from the medium.

Another approach is to consider that cracks have a more complex geometry (see Fig-

ure 2.12), and notably have internal contacts between their faces modifying their

overall contribution to the effective stiffness of the material dramatically, even if

their density (in terms of size cubed per unit volume) changes only slightly. An

alternative, probably more realistic model is therefore to account for the increase

in Vp and Vs by considering the growth of contacts within existing microcracks. To

quantify the changes in contact area throughout our experiments, we used the con-

cept of island factor developed by Trofimov et al. (2017). The island factor is a

dimensionless parameter that links the effective compliance added to a medium by

a population of cracks of density r0 containing islands of contact; to its equivalent

population of open penny shaped cracks of density r⇤

r⇤ = Mr0, (2.4)

where M is the island factor, r0 is the density of penny shaped cracks with

contact islands and r⇤ the crack density of open penny shaped cracks of equivalent

compliance. In other words, this approach allows us to interpret the change in wave

speeds in the sample as being the result of changes in contact area within the crack

array, and therefore circumvent the necessity to have cracks "removed" (decreased

density) from the medium to explain increased medium stiffness. This model is

based on the assumption that the crack population is comprised of non-interacting

penny shaped cracks containing a single contact, embedded in an homogeneous

linear elastic matrix. In the case of a contact island of radius a and height h sitting

in a penny shaped crack of radius l (Figure 2.16), the M factor is expressed in terms
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of l = c/l that relates to the island size and a term b that relates to the island

eccentricity

M ⇡ f1(l )+ f2(l ) f3(b ), (2.5)

with

f1 = (3l 2 �l 3)/2, (2.6)

f2 = 60e�6l f1(l ), (2.7)

and

f3 = 1�
q

1�b 2. (2.8)

By assuming the island of contact sits in the centre of the crack, the b term

vanishes. By further assuming that the recorded crack reduction from its maximum

value during deformation (r0) is due to the formation of contacts only (no cracks

are removed from the medium, i.e., l is constant) l can be computed. These as-

sumptions are in good accordance with the observed microstructures which show

no removal of cracks from the medium (no chemical healing) but extreme aperture

reduction. Based on our estimate of l , we can access the ratio of contact area over

total crack area

(l � c)2

l2 = (1�l )2, (2.9)

where c = l�a. The contact area over total crack area ratio is shown in Figure 2.17.

At all confining pressures, the crack density reduction is interpreted as a log-linear

contact area increase. At Pc = 20 MPa, the ratio of contact area over total crack area

increases from 0.02 to 0.05 and at Pc = 150 MPa, it increases from 0.32 to 0.39.

Overall we see that it is possible to account for the variations in crack den-

sity reported in the previous section (see Figure 2.14) using the island factor which

yields realistic values of contact area at all confinements. Therefore this model sug-

gest that it is possible that the wave speed recovery observed can be explained by a

growth in contact area between the faces of the cracks within the rock sample. This
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Figure 2.16: A crack of length l propped open by a wedge of height h and radius a. The

crack is subject to a remote stress s•.

conclusion is compatible both with the assumption that cracks cannot be removed

from the medium due to the absence of water (and therefore of chemical healing)

and with our structural observations that showed that cracks did not seem to have

disappeared but rather to have undergone dramatic aperture reduction. Neverthe-

less, both the crack density and island approaches are limited in that they do not

explicitly depend on crack aperture and hence seemingly overlook an important mi-

crostructural observation. To palliate this limit, we develop in the following section

a mechanistic model which does account for crack aperture reduction.

2.4.2.3 Asperity creep model

We saw in the previous section that, when the crack density reduction is interpreted

in terms of contact area in the crack population, the wave speed recovery translates

to an increase in contact area in the sample. To explain this increase, we developed

a simple asperity creep model. In this model, we calculate the contact area size in-

crease due to the time-dependent deformation of a contact asperity in the middle of

a penny-shaped crack (Figure 2.16). We assume the constitutive law governing the

creep rate of the asperity is rooted in the rate- and state-dependent friction model
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Figure 2.17: Contact island area over crack area ratio evolution during recovery hold time

for all samples. The numbers adjacent to the curves represent the recovery

confining pressure (in MPa).

Overall we have see that this model can account for the variations in

and is akin to the ageing equation of contacts described in Dieterich (1978). There-

fore, we assume the variation of contact area over crack area Scontact/Scrack evolves

with time as
Scontact(t)

Scrack
=

Scontact0

Scrack
+Aln(Bt +1), (2.10)

where A and B are two constants and Scontact0/Scrack is the initial area ratio.

Here we assume that A and B are pressure insensitive. This assumption is in good

accordance with recent physical modelling of the rate- and state- friction law (e.g.,

Aharonov and Scholz, 2018), and is rooted in the plastic nature of the processes

involved in the creeping of the asperity which are thermally activated. Further-

more, we assume that the number of asperities remains constant throughout the

deformation even thought it is likely to be increasing when the crack aperture de-

creases. In the case of our experiments, we consider the initial state of the contacts

(Scontact0/Scrack) to be at the beginning of the holding period, after the confining

pressure has been changed to its recovery value. The deformation due to the change

in pressure from the first to the second stage is thus considered to be instantaneous.

The results of the asperity creep model are plotted along with the contact area

evolution during the recovery hold time in Figure 2.18. Experimentally, we find the
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Figure 2.18: Results from the rate and state model with parameters A = 0.01 and B = 200

(black) with area ratio evolution computed from data (coloured, Equation

(2.9)). The numbers adjacent to the curves represent the recovery confining

pressure (in MPa).

values 0.01 and 100 for A and B respectively, to give the optimal fit. Our value for

A is consistent with those found by Dieterich (1978) in silicate rocks, however our

value for B is two orders of magnitude greater. This discrepancy might be due to

the calcitic composition of our samples, but there currently is a paucity of data to

confidently validate this assumption.

At pressures Pc = 60, 80 and 150 MPa, the model predicts an increase in con-

tact area similar to that computed from the data. At Pc = 120 MPa, the contact area

computed from the data increases faster than that predicted by the model. Finally,

at Pc = 20 and 40 MPa, the increase in contact area computed from the data is much

slower than that predicted by the model.

While our model yields satisfactory results for the pressure range Pc = 60-

150 MPa with the values A = 0.01 and B = 200, it fails to account for the slower

area increase at the lower confinements of Pc = 20 and 40 MPa. This breaking down

of the model at lower confining pressure might indicate that, at these pressures, the

stress acting on the contacts is not high enough to activate the plastic deformation

mechanisms otherwise active at higher confinement. Typically, the r� slip system

of calcite has a strength of several hundreds of MPa at room temperature (Turner
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et al., 1954; De Bresser and Spiers, 1997) and therefore, dislocation glide might

not be active in contacts at low Pc. However, twinning in calcite is much weaker

and can be activated with stresses as low as few tens of MPa (Fredrich et al., 1989).

Consequently the slower increase in contact area at the lowest confinements could

be driven by twinning in the asperity.

2.4.2.4 Time dependent crack aspect ratio

In the previous section, we interpreted the increase in Vp and Vs as an increase in

area of contact within microcracks, in a manner analogous to rate-and-state friction

ageing law. We saw that although this approach appears broadly consistent with

the data, it fails to fully capture all the details of the observed variations, and no-

tably at the lowest confinements. The approach based on contact growth represents

an end-member scenario where cracks are assumed isolated from each other, and

contact growth is seen as a local process. However, we can alternatively consider

that microcracks, possibly containing contacts, are embedded in a macroscopically

creeping matrix, and that their change in geometry (size, contact size) is due to the

stress relaxation and deformation of the solid matrix.

In our case, we can access the change in crack geometry by computing the

apparent aspect ratio of the crack network in the sample. This approach is based on

the assumption that the volumetric strain recorded during the experiments is solely a

product of crack nucleation/closure. Given the very low starting porosity of Carrara

marble it is reasonable to assume that all changes in volume are due to changes in

the crack population.

Volumetric strain is the unit change in volume (i.e., the change in volume DV

divided by the initial volume of the sample V ). It can be written

DV
V

= exx + eyy + ezz = ekk, (2.11)

where e denotes the components of the strain tensor. In this case the total volume

of crack in the sample is given by

Vcrack =
4
3

px ⇤r, (2.12)
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where r is the total crack density in the sample. Given the very low starting poros-

ity of Carrara marble, we can assume that all variations in volume are caused by

microcracking and therefore, we have

Dekk = DVcrack. (2.13)

If we now consider small increments of ekk we can write

dekk =
4
3

p(x ⇤dr +rdx ⇤), (2.14)

where dekk is the volumetric strain variation, dr is the variation in crack density,

and dx ⇤ is the variation in apparent aspect ratio. From this equation we can derive

the evolution of the apparent aspect ratio

dx ⇤ =
3

4p dekk �x ⇤dr
r

. (2.15)

To compute the solution to this equation, we assume the boundary condition to

be r0 the initial crack density in the sample, obtained from the initial measurement

of the wave speeds. For the closure of cracks (i.e., aspect ratio reduction), two cases

have to be considered at this point. On one hand, we can consider that the reduction

in crack density observed (Figure 2.14) is due to an actual disappearance of cracks

from the medium (i.e., reduction in crack length l). This hypothesis is unlikely to

be a good representation of reality given our samples were dry at the moment of

the recovery and no process could heal (i.e., remove) microcracks. Therefore we

consider a second case where the crack length l remains constant and only their

aperture decrease. In this scenario, the crack density remains constant at its initial

value r0 and the observed reduction is only apparent and due to changes in the com-

pliance of the crack array during the recovery process (this assumption is discussed

at length Section 2.4.2.2). When crack density is assumed constant, Equation (2.15)

reduces to

dx ⇤ =
3

4p dekk

r0
. (2.16)

In the case of crack opening during the deformation process, the problem of

crack density variation is no longer germane. Given the low starting crack porosity
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Figure 2.19: Apparent aspect ratio variation (Dx ⇤) during the deformation stage of one of

the experiments. The sample was deformed at Pc = 40 MPa and ė = 10�5 s�1.

of Carrara marble (Figure 2.8), we can confidently assume that the the recorded

increase in r reflect an increase in crack length during crack nucleation and prop-

agation. The relative changes in apparent aspect ratio Dx ⇤ during the deformation

stage of the experiments are shown Figure 2.19. The initial decrease in crack den-

sity due to the closure of ill oriented cracks upon loading the sample (see Figure

2.13), is interpreted as a decrease in apparent aspect ratio. With further deforma-

tion, when crack density increases in the sample, the apparent aspect ratio increases

by roughly 2.5 ·10�4.

We computed the apparent aspect ratio x ⇤ for both cases discussed above (con-

stant and variable r; Figure 2.20). To avoid any visual cluttering of the Figure, we

focused our analysis on three experiments representative of the confining pressure

range explored in this chapter, the experiments at Pc = 40, 80 and 120 MPa. During

the recovery hold time, x ⇤ decreases in a roughly log-linear fashion at all confining

pressures. At Pc = 40 MPa, it decreases by 0.5 ·10�4 and at Pc = 120 MPa, by more

than 2 · 10�4. In general, the decrease in aspect ratio is slower when r is assumed

constant. While almost negligible at Pc = 40 MPa, the difference between the two

considered cases becomes more pronounced at greater confinement. The decrease

in aspect ratio is corroborated by our microstructural observations. In fact, thin sec-

tions of samples that had undergone recovery showed extremely thin cracks in place
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Figure 2.20: Relative aspect ratio during the recovery holding times. We considered two

cases, one where the changes in crack density are due to crack closure (black,

Equation (2.15)) and one where the observed variations of the crack density

are only apparent and r is constant (grey, Equation (2.16)). The numbers next

to the curves denotes the recovery confining pressure (in MPa).

of the wide ones in the deformed sample.

While the case where crack density is constant and no cracks are removed from

the medium is more representative of our microstructures than the case where r is

allowed to vary, it is still idealized. Therefore, we can consider the two cases con-

sidered here, to be end-members, the real process (a combination of crack removal

and crack aperture reduction accompanied by changes in elastic compliance) lying

somewhere in between.

2.4.2.5 Time-dependent crack closure in viscous materials

In Section 2.4.2.3 we saw that we could partially model our data using an asperity

creep model. In this mechanistic model, crack closure was driven and limited by the

deformation of a wedge in between the faces of a crack. This model assumed that

the crack was isolated and non-interacting, which may not be realistic in the case

of highly cracked rock samples such as ours. To address this limitation, in Section

2.4.2.4, we computed the evolution of crack porosity using our crack density and

volumetric strain data. We saw that during the recovery hold time, the data translate
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to a general diminution of crack aspect ratio within the sample. In this Section we

now try to model these results with a mechanistic model of crack porosity closure

driven by the time dependent deformation of the surrounding matrix. Unlike the

previous mechanistic model attempted Section 2.4.2.3, this model will describe the

evolution of the crack array as a whole rather than focusing on a single crack.

To do so, we derive the geometrical evolution of a spheroidal cavity embedded

in a viscous matrix under remotely applied stress using the solution developed by

Budiansky et al. (1982). Although a solution for a non-linear viscous matrix was

derived by the authors, they are limited to initially spherical pores and not presented

in a closed form. Here we will limit our model to the linear-viscous case for the sake

of simplicity. Let us now consider a linear-viscous matrix of viscosity h containing

a spheroidal cavity of semiaxes a and b under remotely applied triaxial stress T and

S. We assume T to be in the radial direction parallel to b and S to be in that of a. In

this case, the change in shape of the spheroidal is given by Budiansky et al. (1982) :

hẋ =
x 3[(2�b )S�2bT ]
2a[2x 2 +b (1�x 2)]

(2.17)

and

h V̇
V

=
x 2[(2+a �3b )S+2aT ]

6a[2x 2 +b (1�x 2)]
, (2.18)

where x = a/b is the aspect ratio of the spheroid, V = 4pab2/3 its volume, and

b =

8
><

>:

x (1�x 2)�3/2� [cos�1x �x
p

1�x 2] ,x < 1,

x (x 2 �1)�3/2[�cosh�1x +x
p
(1�x 2)] ,x > 1,

(2.19)

a = x 2(x 2 �1)�1(3b �2). (2.20)

For thin cracks (x ⌧ 1), these expressions simplify and asymptotically become

hẋ =
S
p
+

S�T
2

x +O(x 2) (2.21)

and

h V̇
V

=
S

px
+

(4T �S)
2p

x +O(x 2). (2.22)
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It arises from these equations that, for compressive stress states (S,T < 0), the vis-

cous flow of the matrix implies that cracks’ aspect ratio and volume decrease lin-

early with time and that cracks fully close in a finite time. Under hydrostatic condi-

tions such as those in our experiments (S = T = Pc) a crack of aspect ratio x0, have

a closure time given by

tclosure =
px0h

Pc
. (2.23)

Consequently, linear viscous relaxation of the rock matrix can lead to the total

closure of cracks and therefore it can explain the time dependent reduction in as-

pect ratio observed here. The closure time of a crack being dependent on its initial

aspect ratio (cracks with higher aspect ratios taking longer to close than thinner,

longer ones), the general time dependent closure of a crack array will be a function

of the initial aspect ratio distribution in the array. Consequently, given the adequate

starting distribution of cracks, this model could explain the observed log-linear as-

pect ratio diminution. The more complex case of non-linear viscous media could

also account for the log-linear behaviour observed here, but it is more difficult to

derive an analytical solution for this case. Using Equation (2.23), we find that the

apparent viscosity necessary to fully close a crack of aspect ratio x0 = 10�4 in 1

day at a confining pressure of 40 MPa is of the order of 1016 Pa·s. In order to assess

the plausibility of this value of viscosity, we use the low temperature creep data of

Tavel limestone reported by Nicolas et al. (2017) to infer for an apparent viscos-

ity of calcitic rocks. Similarly to Carrara marble, Tavel limestone is composed of

almost 100% calcite but has a higher porosity of about 15%. Nevertheless, their

properties are expected to be only marginally dissimilar. At a confining pressure

of 40 MPa and room temperature, the authors report a secondary creep strain rate

ė = 10�8 s�1 at a differential stress of about 200 MPa. Apparent viscosity being the

ratio of differential stress to strain rate, this yields an apparent viscosity value for

calcitic rocks at Pc =40 MPa and room temperature of 2 · 1016 Pa·s, corroborating

our model. Here, we could also use experimentally derived creep flow laws derived

for calcite (e.g., Renner et al., 2002) but these laws have been derived for high tem-

perature deformation. Extrapolating those to room temperature would therefore be
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meaningless as it is know that twinning plays a major role in the low temperature

plasticity of calcite.

2.4.3 Implications for fault processes

Our experiments demonstrate that mechanical closure of cracks is a fast, potent and

permanent wave speed recovery mechanism, and so even at room temperature. Our

data shows that mechanical crack closure can be responsible for wave speed recov-

eries as high as 40% of the damage-induced wave speed drops in a few days. This

observation tends to show that mechanical crack closure is the fastest of all wave

speed recovery mechanisms and is likely to have a predominant role in the time-

scale and amplitude of post-seismic wave speed recovery in fault damage zones.

Our experiments illustrated the pressure dependency of mechanical crack closure.

At a low confinement of 20 MPa, typical of a depth of 1-2 km, we observed a wave

speed recovery of 10% of the damage-induced wave speed drop in a few days; and at

a higher confinement of 150 MPa, the wave speed recovery reached 40% after a few

days. This result indicates that co-seismic damage is likely to be very short-lived at

depth. Our microstructural analysis of samples having undergone mechanical crack

closure revealed that it involves sizeable, confining pressure sensitive crack aperture

reduction. Past studies have shown that chemical healing of cracks is highly sensi-

tive to crack geometry, having a faster kinetics in small, thin cracks (Hickman and

Evans, 1987; Brantley et al., 1990). Therefore, we expect mechanical crack closure

to have a positive feedback on chemical healing of crack damage, accelerating even

further damage healing at depth. These results tend to imply that co-seismic damage

at depth were hydrothermal conditions are found could heal instantaneously on the

scale of the seismic cycle. Some important questions are nevertheless not addressed

by our study. While we believe the micro-mechanics of crack recovery would re-

main the same in a different rock, the intrinsic properties of another rock type will

impact both the time-scale and amplitude of mechanical wave speed recovery. For

instance, in the light of our micro-mechanical models, we can see that the rapidity

at which an asperity within a crack would creep is linked to the intrinsic values of

the two constants A and B (Equation 2.10). Similarly the closure time of a cavity
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in a viscous matrix is directly proportional to the matrix intrinsic apparent viscos-

ity (Equation 2.23), therefore using a rock with a different viscosity than Marble

would produce dissimilar results. Similarly, an increased temperature is expected

to change the properties of rocks, thus altering the amplitude and time scale of me-

chanical crack closure; particularly so when the rheology of the rock considered

is primarily controlled by plasticity. In fact, plastic phenomena are thermally acti-

vated therefore elevated temperatures tend to favour grain plasticity processes such

as dislocation and diffusion creep. As a result, elevated temperatures are often asso-

ciated to reduced rock viscosity (e.g., Kohlstedt and Hansen, 2015, and references

therein). In the framework of our time dependent viscous closure of cracks (Equa-

tion 2.23), a reduced viscosity implies a reduced closure time and consequently a

faster mechanical crack closure. While we cannot quantify the effect of a tempera-

ture increase on the constants A and B in the case of our creeping asperity model, we

know that increased temperature would facilitate plastic creep of the asperity, most

likely accelerating the process. Overall, we expect temperature to favour crack me-

chanical closure, but more studies are necessary to fully explore its effect. Another

parameter somewhat overlooked by this study would be the effect of pore pressure

on mechanical crack closure of cracks. As mentioned above, while it is known that

the presence of water will activate chemical healing of cracks which is itself ac-

celerated by mechanical closure, our modelling of the micromechanics ignores the

potential effect of pore pressure. Further work with rocks in the presence of water

would be needed to fully address these questions. We showed that dry rocks under

room temperature conditions undergo dramatic changes in their elastic properties.

This result bears some importance for the interpretation of post-seismic fault defor-

mation and fault expression at the surface. Such dramatic and swift changes in fault

elastic properties along its depth span is expected to have an impact on the surface

expression of post-seismic deformation. These changes are thus to be accounted for

when building post seismic fault deformation models.
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2.5 Conclusion

We showed that mechanical recovery is a prevalent mechanism in time-dependent

changes in fault elastic properties. Our experiments showed that, even at low con-

fining pressure, room temperature and in dry conditions, mechanical recovery is

responsible for seismic wave speed increase of few tens of percent over a few days.

Microstructure analysis showed that mechanical recovery involves a general reduc-

tions of crack aperture that is likely to accelerate chemical healing rendering micro-

crack damage at depth extremely short lived. We tested two models for mechanical

recovery, crack closure driven by plastic creep of contact asperities and crack clo-

sure driven by the viscous relaxation of the rock matrix. We compared the two mod-

els and proposed that viscous relaxation accompanied by contact spreading within

the cracks is likely to be responsible for the elastic wave speed changes. Finally,

we conclude that mechanical recovery is likely to have a strong impact on post seis-

mic deformation of faults and has to be taken into account when measuring and

modelling post seismic responses of faults.



Chapter 3

Strain rate dependent damage

recovery in Carrara marble

3.1 Introduction

For the past two decades, with the advances in seismological surveys, fault prop-

erties have been observed to change rapidly during and after earthquakes. More

specifically, regional wave speeds have been observed to drop dramatically dur-

ing earthquake ruptures and to increase over time afterwards (e.g., Brenguier et al.,

2008; Froment et al., 2014; Tsuji et al., 2018). These variations in elastic properties

of fault zones have been attributed to changes in the extent of damaging (crack den-

sity) in and around faults produced by the high dynamic stresses during earthquakes

(e.g., Rubinstein and Beroza, 2004; Karabulut and Bouchon, 2007) and the subse-

quent healing and recovery of these damages (e.g., Marone et al., 1995; Hiramatsu

et al., 2005).

The growing interest of the community for damage healing and recovery has

led to the identification and description of several mechanisms responsible for the

reduction of damage. Pressure solution and mass transfer driven by chemical poten-

tial has been shown to be a potent healing mechanism in hydrothermal conditions

(e.g., Evans and Charles, 1977; Brantley et al., 1990; Gratier, 2011; Gratier et al.,

2014; Beeler and Hickman, 2015). This can lead to crack length and aperture reduc-

tion and restrengthening of rocks (Evans and Charles, 1977; Tenthorey et al., 2003;
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Tenthorey and Cox, 2006; Renard et al., 2009). Similarly, crack sealing by min-

eral precipitation can lead to variations in elastic and fluid flow properties of fault

damage zones (Olsen et al., 1998; Aben et al., 2017). Finally, mechanical recov-

ery of rocks has been reported to dramatically and rapidly impact wave speed and

crack anisotropy in rocks (Schubnel et al., 2005; Brantut, 2015; Passelègue et al.,

2018) even at low confining pressure and temperature (see also Chapter 2 of this

manuscript).

Nevertheless, damage healing and recovery exist alongside other time depen-

dent fault processes such as post-seismic creep (Perfettini and Avouac, 2004; Savage

et al., 2005) and aseismic creep (Funning et al., 2007; Jolivet et al., 2012). Further-

more, it was also reported that damage recovery around faults can be impacted by

remote earthquakes which appeared to reactivate damage (Vidale and Yong-Gang,

2003; Olivier et al., 2015; Pei et al., 2019). To date, it is unclear how damage heal-

ing and recovery interact with these processes. For instance, the work from Geng

et al. (2018) showed that there exist a strong link between creep and wave speed

recovery in shale. They report a stress dependency of creep where at high stresses,

dilatant creep and cracking dominate and a low stress creep regime where pres-

sure solution and crack healing dominate. Understanding the potential interactions

between the processes responsible for elastic properties changes around faults and

other fault processes is key in understanding the long term behaviour of faults over

the seismic cycle.

Here, we report results from an experimental study of mechanical crack closure

in dry rocks subject to triaxial creep conditions (i.e., s1 > s2 = s3) for extended

periods of time. We experimentaly deformed Carrara marble cores in the ductile

regime (Pc = 40 MPa) to induce microcrack damage. We subsequently left the sam-

ples under constant stress conditions whilst repeatedly recording wave speeds. We

observed a sizeable reduction in wave speeds during the deformation of the sam-

ple due to the nucleation of microcracks. During the recovery period, samples left

under differential stresses as high as 99% of the sample maximum stress showed

important wave speed recovery (around 10% of the damage-induced wave speed
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drop) alongside sizeable time dependent shortening of almost 1%. We report a

transition between an initial fast creep regime where wave speeds decrease and a

slower creep regime where wave speeds recover at a threshold strain rate of roughly

10�6 s�1. We interpret this result as being a transition between brittle and plastic

creep. We also report a previously unobserved decrease in wave speed upon un-

loading a sample that had undergone triaxial recovery. We interpret this behaviour

as reverse sliding of cracks driven by the elastic relaxation of the sample, resulting

in the destruction of contact asperities formed during the recovery holding time.

3.2 Method

We selected Carrara marble for this series of experiments due to its isotropic mi-

crostructure, low starting porosity and its ability to undergo a brittle-ductile transi-

tion at room temperature (Fredrich et al., 1989). We cored cylindrical samples out

of a quarried bloc with no macroscopic sign of anisotropy. Then, we cut the samples

to a 100 mm in length and ground their surfaces to ensure parallelism of the loading

faces. Finally, samples were fitted with strain gauges and jacketed following the

protocol described in section A.1.2.

The experiments were conducted using the conventional triaxial apparatus lo-

cated at the Rock and Ice Physics Laboratory at University College London. A full

description of the apparatus can be found Section A.1.1. Unless specified other-

wise, the strain data presented in this chapter were produced using the outputs of

the strain gauges glued onto the samples rather than those of the external Linear

Variable Differential Transformers (LVDT).

This study aims at recording the evolution of wave speeds in samples left un-

der triaxial conditions. To do so, two sets of experiments were conducted, a first

type where the differential stress was kept constant throughout the recovery hold

time and a second type where the differential stress was increased step-wise during

the recovery hold time. Throughout this chapter we will refer to those two types of

experiments as constant stress experiments and stress stepping experiments respec-

tively.
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Sample Duration [days] Pc [MPa] Qmax [MPa] Q/Qmax [%] ecreep [%] Type

CMh13 6 40 198 30 0 Constant stress

CMh14 11 40 195.2 60 0.03 Constant stress

CMh15 12 40 197.5 95 0.8 Constant stress

CMh19 3 40 200.3 97.5 0.95 Constant stress

CMh20 9 40 205.5 75-102 0.08 - 0.55 Stress stepping

Table 3.1: Table summarizing the the conditions of the experiments presented in this chap-

ter.

Constant stress experiments were divided in two stages, a deformation stage

(stage 1) and a recovery stage (stage 2). During stage 1, the sample was de-

formed at room temperature, a confining pressure of Pc = 40 MPa and a strain rate

ė = 10�5 s�1 and up to 3% uncorrected axial strain. At the end of this stage, the

maximum stress reached during the deformation of the sample was considered to be

Qmax. After the first stage, the differential stress (Q) was partially removed before

reloading the sample to the target recovery value. Subsequently, during the recovery

stage, the differential stress was kept constant and the sample was left for extended

periods of time (see summary of all experimental conditions Table 3.1). Confining

pressure was left unchanged between the deformation and recovery stages and was

similarly kept constant throughout the recovery hold time.

During the stress stepping experiment, the sample underwent the same defor-

mation process during stage 1. During the recovery stage, the differential stress

was increased step-wise from 75% up to 102% of the sample’s maximum stress

(Qmax). Each differential stress step was held for 24h before proceeding to the fol-

lowing stress step. In between stress steps, the differential load was decreased to

10% of Qmax before being re-increased to its next increment. In this experiment,

the confining pressure was also kept constant at Pc = 40 MPa during deformation

and recovery. During both stages of all experiments, wave speed was sampled re-

peatedly following the process described Section A.2.
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Figure 3.1: Mechanical data for both stages of a constant stress experiment (CMh15). The

sample was deformed at Pc = 40 MPa and ė = 10�5 s�1.

3.3 Results

3.3.1 Constant stress experiments

The deformation stages of all experiments is similar. During this stage, stress in-

creases linearly with axial strain up to 1% and plateaus for an additional 1.5% strain

(Figure 3.1). We consider the stress reached at the end of the plateau to be Qmax.

Maximum stress reached during the deformation stage ranges between 198 and 205

MPa (Table 3.1). For convenience, from hereon, we will express the differential

stress acting on the sample during the recovery hold times in percent of the sam-

ple’s Qmax. During deformation, horizontal P wave speed in the samples shows

a slight increase from its initial value of 5550 m/s and then decreases dramatically

with further axial strain by 42% of its initial value down to 3200 m/s (Figure 3.2 A.).

Similarly, horizontal Sh wave speed decreases by 32% of its initial value of 2950

m/s during deformation. The decrease in wave speeds is less pronounced in the sub-

vertical recording direction and is 39% for at an angle of 58� with the direction of

compression, 29% at an angle of 39� and 24% at an angle of 28�. Simultaneously,

the sample showed some marked dilatancy (negative variation of volumetric strain)

with strain and the volumetric strain reached �1.4% at the end of the deformation

(Figure 3.2 B.).

During the second stage of the constant differential stress experiments, samples
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Figure 3.2: Absolute P wave speed for the 4 directions of recording and horizontal Sh wave

speed (A.) and volumetric strain data (B.) against strain during the deforma-

tion of a constant stress experiment (CMh15). The sample was deformed at

Pc = 40 MPa and ė = 10�5 s�1. Negative changes in volumetric strain denote

dilatancy and conversely, positive changes, compaction.

show time-dependent creep sensitive to Q (Figure 3.3). At a differential stress Q =

60% of Qmax, the sample shortens by 0.01% after 24h, at Q = 95% of Qmax, the

shortening is 0.53% after 24h and at Q = 97.5% of Qmax, the sample shortens by

0.95% after 24h. The sample left at Q/Qmax = 30% did not show any sign of time

dependent shortening and therefore was not represented in Figure 3.3.

During the second stage, under a constant differential stress, wave speeds in-

crease in all samples (Figure 3.4). At Q/Qmax = 30%, the horizontal P wave speed

in the sample increases by 115 m/s over 24h, by 92 m/s at Q/Qmax = 60% and

Q/Qmax = 95% and by 107m/s at Q/Qmax = 97.5%. At the two highest differen-

tial stresses Q/Qmax = 95% and Q/Qmax = 97.5%, over the initial 15 minutes, the

horizontal P wave speed in the sample decreases by roughly 10 m/s prior to the re-

covery, whereas at the lowest Q, the wave speed increases monotonically albeit at a

slower rate during the first hour of hold time.

Over the recovery period, the creep strain rate of the samples left at Q/Qmax =

95% decreases following a power type law from 10�6s�1 to the minimum measur-

able value of 10�8s�1 over 24h (Figure 3.5). Similarly, strain rate in the sample left
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Figure 3.3: Axial strain data for the constant stress experiments. Inset shows a zoomed

view of the first 24h of the experiment at Q/Qmax = 60%. The notation Q

followed by a number represents the differential stress acting on the sample

during the recovery hold time in % of the sample Qmax.
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Figure 3.4: Relative horizontal P wave speed during the constant stress experiments. The

notation Q followed by a number represents the differential stress acting on the

sample during the recovery hold time in % of the sample Qmax.
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Figure 3.5: Strain rate evolution during the constant stress experiments. The notation Q

followed by a number represents the differential stress acting on the sample

during the recovery hold time in % of the sample Qmax.The horizontal dashed

line represents the lowest recordable strain rate.

at Q/Qmax = 97.5% decreases from 5 ·10�5s�1 to 10�8s�1. The strain rates in the

samples left at Q/Qmax = 30% and Q/Qmax = 60% were too low to be recorded

throughout the recovery holding time therefore they were not represented in Figure

3.5.

3.3.2 Stress stepping experiment

During the recovery stage of the stress stepping experiment, the sample shortens

by increasing amount of length over the holding time with increasing differential

stress (Figures 3.6 and 3.7). At Q/Qmax = 75%, the sample shortens by 0.07% and

at Q/Qmax = 99% by 0.55%. At Q/Qmax = 102%, creep in the sample is unstable

and accelerates until sample scale brittle failure occurs. Contemporaneously to the

shortening, the horizontal P wave speed in the sample increases at all stress steps

except Q/Qmax = 102% where it decreases dramatically until failure (Figure 3.8).

While the wave speed increase at Q/Qmax = 75% is monotonic and of 128 m/s after

24h, at higher differential stress, the wave speed shows an initial decrease over the

first 15 minutes of hold time. This initial decrease is more pronounced at higher

differential stress. At Q/Qmax = 85%, the wave speed decreases by 7 m/s and at

Q/Qmax = 99% wave speed decreases by 15 m/s. Subsequently, the horizontal P
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Figure 3.6: Mechanical data for both stages of the the stress stepping experiment. The sam-

ple was deformed at Pc = 40 MPa and ė = 10�5 s�1. During the last stress step

of the second stage of the experiment, the sample crept until macro scale failure

occured. This is denoted here by a dashed curve and the notation "Runaway".
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Figure 3.7: Axial strain during the the holding periods of the stress stepping experiment.

The notation Q followed by a number represents the differential stress acting

on the sample during the recovery hold time in % of the sample Qmax.

wave speed in the sample increases by 88 m/s after 24h at Q/Qmax = 85%, 78 m/s

at Q/Qmax = 95% and 97% and finally by 46 m/s at Q/Qmax = 99%.

Overall, volumetric strain data during the recovery hold time of the stress step-

ping experiment are noisy (Figure 3.9). This noise could be due to poor climate

control in the laboratory at the time of the experiment potentially altering the resis-
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Figure 3.8: Relative horizontal P wave speed during the holding periods of the stress step-

ping experiment. The notation Q followed by a number represents the differ-

ential stress acting on the sample during the recovery hold time in % of the

sample Qmax.

tance readings of the strain gauges. Nervertheless, when plotted against axial strain,

a trend can be observed. Initially, with increasing axial strain, volumetric strain de-

creases and eventually plateaus. At Q/Qmax = 75%, volumetric strain decreases by

roughly 0.02% over the initial 0.03% axial strain and then remains roughly constant

(notwithstanding the aforementioned noise on the data). This trend is amplified with

increasing recovery differential stress and at Q/Qmax = 97%, volumetric strain de-

creases by almost 0.1% over 0.3% axial strain before plateauing.

Similarly to the experiments at constant differential stress, strain rate in the

sample decreases in a power law fashion over time during the recovery hold

time(Figure 3.10). At Q/Qmax = 75%, the initial strain rate is 7 · 10�7s�1 and de-

creases down to the lowest measurable value of 10�8s�1 in approximately 2 hours,

while at Q/Qmax = 99%, the initial strain rate is 2.5 ·10�6s�1 and decreases down

to the lowest measurable value in roughly 12 hours. At Q/Qmax = 102%, the sam-

ple scale failure of the sample rendered the strain gauges defective, therefore it has

been left out of Figure 3.10.

In between consecutive stress steps, the sample was partially unloaded to

roughly 10% of Qmax and subsequently reloaded to the next stress step (Figure
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Figure 3.9: Volumetric strain against axial strain during the holding periods of the stress

stepping experiment. Data for Q99 have been left out of this figure as a strong

drift was polluting the strain gauges readings. The notation Q followed by a

number represents the differential stress acting on the sample during the recov-

ery hold time in % of the sample Qmax.

10–3 10–2 10–1 100

Time [days]

10–8

10–6

10–4

S
tr

ai
n

 R
at

e 
[s

–
1 ]

Minimum recordable value

Q75

Q85

Q92

Q97

Q99

Figure 3.10: Strain rate evolution during the holding periods of the stress stepping experi-

ment. The notation Q followed by a number represents the differential stress

acting on the sample during the recovery hold time in % of the sample Qmax.

The horizontal dashed line represents the lowest recordable strain rate.
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3.11 A. and B.). During this unloading phase, the horizontal P wave speed in the

sample varies in a non-monotonic fashion. For instance, between the stress steps

Q/Qmax = 75% and Q/Qmax = 85%, over more than half of the unloading process,

from Q = 160 down to Q = 60 MPa, the P wave speed drops by 45 m/s from its post

recovery value of 3423 m/s, and then increases by 50 m/s over the remainder of the

unloading process (Figure 3.11 C. and D.). Concomitantly, volumetric strain de-

creases by 0.2% (dilatation) between Q = 160 and Q = 60 MPa, and then increases

by 0.06% (compaction) over the remainder of the unloading process (Figure 3.11

E. and F.). Upon reloading the sample, the P wave speed continues increasing and

reaches a maximum value of 3465 m/s at a differential stress Q = 70 MPa. With

further loading, the P wave speed decreases again and reaches 3325 m/s when Q

equates the target differential stress of 85% of Qmax. During the reloading of the

sample, volumetric strain increases by a further 0.035% until Q = 100 MPa and

then drops by 0.09% until Q reaches the target value of 85% of Qmax. This partic-

ular behaviour of the horizontal P wave speed and the volumetric strain during the

stress-stepping process is observed between all stress steps (Figures 3.12 and 3.13).

The amplitude of both the P wave speed and volumetric strain reduction during the

unloading of the sample is comparable regardless of the differential stress during

the preceding recovery hold time and is generally occurring over the first 0.15%

axial strain of the unloading process. Interestingly, such behaviour is not observed

during the unloading-loading phase immediately after the deformation stage of the

experiment, prior to any recovery. In fact, after deformation, the P wave speed in

the sample increases monotically by almost 250 m/s during the unloading process

and the volumetric strain by almost 0.4%.

3.4 Discussion

3.4.1 Anisotropy and crack density

We have shown in Chapter 2 that wave speed recovery in Carrara Marble was similar

for all directions of recording (see Figure ??). Here we will focus on the impact of

a differential stress on the evolution of anisotropy during the recovery hold time. In
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Figure 3.11: Differential stress (A.), horizontal P wave speed (C.) and volumetric strain

(E.) against time during the Q/Qmax = 75% and Q/Qmax = 85% stress steps

of experiment CMh20. Zoomed view of the stress evolution (B.), horizon-

tal P wave speed (D.) and volumetric strain (F.) during the unloading-loading

process between Q/Qmax = 75% and Q/Qmax = 85% (see Section 3.2 for

more details on the differential stress stepping process). From left to right,

the dashed lines in B., D., and F., represent the starting point of the unloading

process, the starting point of the loading process and the completion of the

loading process. The notation Q followed by a number represents the differ-

ential stress acting on the sample during the recovery hold time in % of the

sample Qmax.
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Figure 3.13: Volumetric strain against axial strain during the unloading-loading process

between holding periods of experiment CMh20. The notation Q followed

by a number represents the differential stress acting on the sample during

the recovery hold time preceding the unloading in % of the sample Qmax.

The black curve marked "post-def" is the data obtained during the unloading-

loading phase between the deformation stage and the first recovery hold time

of the experiment.
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order to characterize the anisotropy and its evolution in the sample, we computed

the Thomsen parameters (Thomsen, 1986, 1995). The three Thomsen parameters,

conveniently describe the wave speed anisotropy in a transversely isotropic (TI)

medium. Here we will focus on eThom which is linked to the fractional difference

between the P wave speed in the horizontal and vertical directions and gThom which

is linked to the fractional difference between the Sh wave speed in the horizontal

and vertical directions. These two adimensional parameters represent the strength

of the anisotropy, the further they diverge from zero and the stronger the medium

anisotropy is. This approach involves a weak anisotropy approximation so that

eThom and gThom ⌧ 1. The two Thomsen parameters are given in terms of the elastic

stiffness tensor Ci jkl (in the Voigt notation) of the rock as:

eThom =
C11 �C33

2C33
, (3.1)

and

gThom =
C66 �C44

2C44
. (3.2)

We use our wave speed data to invert for the elastic stiffness tensor using equa-

tions (B.23) to (B.25) and calculate the Thomsen parameters during the experi-

ments.

During the deformation stage of the experiments, the drop in wave speeds is

interpreted as a pronounced decrease in eThom from �0.09 to �0.3 (i.e., an increase

in anisotropy; Figure 3.14). In spite of the presence of an artefact in the data,

during the sample deformation, we can observe that gThom increases from �0.02 to

0.04 denoting a developing Sh wave speed anisotropy in the sample with increasing

strain.

During the recovery hold times of the stress stepping experiment, at all differ-

ential stress Q, the wave speed increase in the sample is interpreted as a general

decrease in the level of anisotropy for both P and Sh wave speeds (Figure 3.15).

The increase in eThom (i.e., decrease in anisotropy) is sensitive to the differential

Q acting on the sample during the recovery hold time which reduces it. Over-
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Figure 3.14: The two Thomsen parameters eThom (A.) and gThom (B.; see Equations (3.1)

and (3.2)) during the deformation stage of a sample (CMh15).

all, the reduction in eThom is of the order of 0.01, representing less than 5% of

the deformation-induced P wave speed anisotropy. Contrary to eThom, the decrease

in gThom (i.e., decrease in anisotropy) is enhanced by differential stress, reaching

�0.02 for Q/Qmax = 99% which represents almost 30% of the damage induced-

anisotropy. In terms of both Thomsen parameters, the initial decrease in wave speed

at the beginning of the recovery hold times at high Q is interpreted as a relatively

constant level of anisotropy in the sample.

An example of the evolution of eThom and gThom during the unloading-loading

phase in-between consecutive recovery hold times is shown in Figure 3.16. Both

parameters behave in an similar manner during the unloading and reloading phases.

After recovery, during the first half of the unloading process, eThom and gThom vary

very little, highlighting a constant level of anisotropy in the sample. With fur-

ther unloading, anisotropy in the sample decreases until the sample is almost fully

unloaded (Q/Qmax = 10%) but remains pronounced. Upon reloading the sample,

anisotropy decreases monotically and eThom reaches a minimum value �0.381 and

gThom a maximum value of 0.18 at Q/Qmax = 85% showing that the anisotropy is

reinforced upon reloading the sample. Here again, the behaviour of the anisotropy

during the unloading-loading process immediately after the deformation stage of

the experiment, prior to any recovery, differs from that between two consecutive
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Figure 3.15: The two Thomsen parameters eThom (A.) and gThom (B.; see Equations (3.1)

and (3.2)) during the holding periods of the stress stepping experiment. The

notation Q followed by a number represents the differential stress acting on

the sample during the recovery hold time in % of the sample Qmax.

holding times (Figure 3.17). While eThom plateaus for around 0.15% of axial strain

between two recovery holding times, it increases immediately upon unloading the

sample after deformation.

Additionally, to better understand damage evolution in the sample during the

unloading-loading phase between two consecutive hold times of the stress stepping

experiment, we computed the vertical (rv) and horizontal (rh) crack densities in

the sample. We adopt the definition of the crack density developed by Sayers and

Kachanov (1995). The complete computation process is described in Appendix B.

The velocity decrease upon unloading the sample after a recovery hold time is

interpreted as an increase in vertical crack density from its initial value of 0.74 to

0.765 (Figure 3.18 A.). With further unloading, the vertical crack density dimin-

ishes and reaches 0.73 when Q reaches its lowest value of 10% of Qmax. Subse-

quently, when reloading the sample, the vertical crack density carries on decreasing

and reaches a minimum value of 0.715 after roughly 10 minutes of loading. After

that, rv increases for the rest of the loading process, up to 0.8 at the target differen-

tial load of Q/Qmax = 85%.

Simultaneously, the horizontal crack density increases linearly with time over
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point of the unloading process, the starting point of the loading process and

the completion of the loading process (see Section 3.2 for more details on the
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Figure 3.17: Relative variation of the Thomsen parameter eThom (see Equation (3.1))

against axial strain during the unloading-loading between all recovery holding

periods of experiment CMh20. The notation Q followed by a number repre-

sents the differential stress acting on the sample during the recovery hold time

preceding the unloading in % of the sample Qmax. The black curve marked

"post-def" is the data obtained during the unloading-loading phase between

the deformation stage and the first recovery hold time.
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process between Q/Qmax = 75% and Q/Qmax = 85%. From left to right, the

dashed lines represent the starting point of the unloading process, the starting

point of the loading process and the completion of the loading process (see

Section 3.2 for more details on the differential stress stepping process).

the entire duration of the unloading process from 0.054 to 0.067 (Figure 3.18 B.).

During the sample loading, rh decreases during the initial 20 minutes, down to

0.054 and increases over the remaining 10 minutes of the loading process up to a

final value of 0.058. The variations in rh produced by the stress stepping process

are roughly one order of magnitude smaller than those of rv.

The changes in cracks densities were similar during the unloading-loading

phases between all recovery hold times (Figure 3.19). However, the behaviour

of the crack densities during the unloading-loading process after the deformation

stage, prior to any recovery, was very different from that described above. In fact,

rv, does not show an initial increase but rather decreases monotonically during the

entire unloading process and rh remains roughly constant rather than increasing.

3.4.2 Damage recovery in deforming rocks

During the deformation stage of all experiments, we did not observe any stress drop.

With the exception of the stress stepping experiment CMh20, no sample showed

signs of sample scale failure after the experiments. Furthermore, the dilatant be-

haviour of the sample during the deformation along with the drop in wave speeds
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Figure 3.19: Vertical (A.) and horizontal (B.) relative crack density changes against ax-

ial strain during the stress stepping between holding periods of experiment

CMh20. The notation Q followed by a number represents the differential

stress acting on the sample during the recovery hold time preceding the un-

loading in % of the sample Qmax. The black curve marked "post-def" is the

data obtained during the unloading-loading phase between the deformation

stage and the first recovery hold time.

hints towards the nucleation of microcracks in the sample (creation of volume). The

fact that horizontal P wave (90�) were more affected than their subvertical counter-

parts, shows that the microcracks are mostly oriented parallel to the compression

axis (vertical) creating the strong observed anisotropy. These observations allow

us to conclude that, during the deformation stage, strain in the sample was accom-

modated through diffuse microcracking leading to the formation of a vertical mi-

crocrack array in the samples. This conclusion is supported by the microstructures

shown in Section 2.3.2 where we observed extensive microcracking in a sample

deformed in identical conditions and by the work of Fredrich et al. (1989).

To better quantify the wave speed recovery during the hold time, we express

the wave speeds variation in terms of the Recovery factor R. The recovery factor is

defined in Section 2.3.1 and is

R =
V �V0

Vref �V0
, (3.3)

where V is the wave speed, V0 is the wave speed at the beginning of the recovery
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hold time and Vref is the wave speed in intact Carrara marble at the considered

confining pressure. The value of Vref used here was obtained during a wave speed

survey conducted in intact Carrara marble over the confining pressure range from

20-150 MPa. Results from this survey are shown in Figure 2.1.

The evolution of the recovery factor during the constant stress experiments

is shown in Figure 3.20. The behaviour of R is very similar to that of the wave

speeds (Figure 3.4) and shows an initial decrease of 0.1 and 0.4% at Q/Qmax = 95%

and Q/Qmax = 97.5% respectively while at Q/Qmax = 30% and Q/Qmax = 60%

the increase is monotonic. The recovery after 24h is 7% at Q/Qmax = 30% and

around 5% at all other Q. Finally, the recovery reaches 11% after five days at

Q/Qmax = 30% and 8% after five days at all other tested differential stresses.

Similarly, the recovery factor during the stress stepping experiment is affected

by the increasing differential stress (Figure 3.21). At Q/Qmax = 75%, the recovery

factor increases in a roughly log linear fashion with time and reaches 6% after 24h.

At higher Q the recovery factor initially decreases by 0.4% at Q/Qmax = 85% and

Q/Qmax = 92% and by 0.8% at Q/Qmax = 97% and Q/Qmax = 99%. Ultimately, R

reaches roughly 4% at Q/Qmax = 85, 92 and 97% and only 2% at Q/Qmax = 99%.

At Q/Qmax = 102%, R decreases by more than 4% prior to sample failure.

Surprisingly, rather than hindering wave speed recovery, we observed that the

presence of a differential stress on the sample during the recovery hold time in-

troduces a time delay to the recovery in the form of an initial regime where wave

speeds either stagnate at moderate Q, or decrease at higher Q. This delay translates

to a general deviation of the wave speed behaviour from a classic log-linear be-

haviour with time, as observed in hydrostatic recovery experiments (Section 2.3.1

and Figure 2.7) and reported in the literature (e.g., Brantut, 2015). As a result, wave

speed recovery during time dependent creep is only marginally lower than that of

samples held under hydrostatic conditions (8% after five days at Q/Qmax = 97%

and 12% after five days at Q/Qmax = 0%, Figure 2.7) and we would expect it to

become similar over longer timescales relevant to the seismic cycle.

When the relative changes in horizontal P wave speed are plotted against the
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creep strain rate of the samples, two creep regimes emerge (Figures 3.22 and 3.23).

We observe a transition from a fast creep regime where wave speeds decrease, to

a slower creep regime where wave speeds increase at a threshold strain rate. This

threshold strain rate (ėT) is equal to 10�6s�1 for the sample left at Q95 and around

2.5 ·10�6s�1 for the sample left at Q/Qmax = 97.5%. In the case of the stress step-

ping experiment, ėT fluctuates between 6 · 10�7s�1 and 8 · 10�7s�1. We interpret

this change in wave speed evolution as a transition from microfracturing-dominated

creep to plasticity-dominated creep with decreasing strain rate. Wave speed diminu-

tion during the fast brittle creep demonstrates that axial strain is partly accommo-

dated by the nucleation and/or growth of microcracks in the sample.

This transition is less clear on the volumetric strain data which were much nois-

ier and polluted by a strong drift at Q/Qmax = 97%, possibly due to poor climate

control of the laboratory at the moment of the experiment (Figure 3.24). Never-

theless, this transition hypothesis seems to be supported by the volumetric strain

data when plotted against axial strain (3.9), which show that, initially, the sample is

dilatant, highlighting the creation of additional volume in the rock. During slower

creep, plastic deformation of the grains drives the deformation and volumetric strain

is relatively constant. This could allow for partial crack closure and the formation

of contacts between microcracks surfaces, resulting in the observed wave speed in-

crease (e.g., Dieterich, 1978; Pyrak-Nolte et al., 1990; Dieterich and Kilgore, 1994;

Nagata et al., 2014). It is likely that both brittle and plastic phenomena are active

in the two creep regimes but in different proportions. The contribution to the total

deformation of the two mechanisms would then be strain rate dependent and, at the

threshold strain rate, brittle microcrack nucleation and plastic crack closure would

be balanced in terms of their impact on the rock stiffness, such that wave speeds in

the sample remain constant.

The results presented here tend to corroborate the plastic nature of mechanical

crack recovery. In fact, grain plasticity is inherently strain rate dependent and can

be viewed as a viscous phenomenon. At strain rates higher than the threshold strain

rate, the resistance of the grain crystal lattice to distortion would be greater than
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Figure 3.22: Relative horizontal P wave speed against strain rate during the holding time of

the constant stress experiments. The notation Q followed by a number repre-

sents the differential stress acting on the sample during the recovery hold time

in % of the sample Qmax. Arrows indicate the transition between decreasing

and increasing wave speed.

the brittle strength of the grain, leading to an accommodation of strain through mi-

crocracking. Conversely, at strain rates lower than the threshold, the grains would

deform plastically allowing for the relaxation of local stresses (e.g., around the tips

of cracks or at grain contacts) and leading to the closure of cracks and ensuing for-

mation of contacts within the crack population. While this interpretation would be

in line with the viscous relaxation model discussed in Section 2.4.2.5, the quantita-

tive approach cannot be used for this geometry and stress regime.

3.4.3 Damage reactivation

After the deformation stage of the experiment, during the unloading-loading pro-

cess prior to the first recovery hold time, we observed that wave speeds increased

monotonically with decreasing differential stress. Simultaneously, volumetric strain

showed a compactant behaviour of the sample over the entire unloading process.

These observations were interpreted as a monotonic decrease in anisotropy and ver-

tical crack density while the horizontal crack density varied very little. This result is

the consequence of the elastic closure of cracks oriented parallel and the opening of

those perpendicular to the compression axis driven by the reduction in differential
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Figure 3.23: Relative horizontal P wave speed against strain rate during the holding time of

the stress stepping experiment. The notation Q followed by a number repre-

sents the differential stress acting on the sample during the recovery hold time
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Figure 3.24: Relative volumetric strain against strain rate during the holding time of the

stress stepping experiment. The notation Q followed by a number represents

the differential stress acting on the sample during the recovery hold time in %

of the sample Qmax.
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stress. This behaviour of the crack population under decreasing differential stress is

common in stress-cycling experiments (e.g., Passelègue et al., 2018) .

However, the complex variations in wave speeds, volumetric strain, anisotropy

and crack density during the unloading-loading process between two consecutive

recovery holding times is more exotic. The strong anisotropy and crack densities

recorded in the sample after the recovery holding times show that even though wave

speed has recovered, the crack population created during the deformation stage of

the experiment has not vanished. Upon unloading the sample at the end of a re-

covery hold time, the wave speed reduction along with the dilation of the sample

shows that crack damage is reopened by the stress perturbation. This is confirmed

by the crack density data which showed a general increase in both rv and rh upon

unloading the sample and is associated to a constant degree of anisotropy. With

further unloading, the behaviour of the crack population changes and becomes sim-

ilar to that after the deformation stage. Wave speeds eventually increase and rv and

the anisotropy decrease while rh continues to increase. We interpret this second

behaviour as being the result of elastic crack closure similar to that describe in the

previous paragraph. The fact that the initial decrease in wave speeds was only ob-

served after the sample had undergone a recovery time and not after the deformation

stage of the experiment shows that the source of these variations might be rooted in

the crack damage recovery process itself.

In the previous chapter, we interpreted the increase in wave speed during creep

as crack closure driven by plastic deformation of grains. We postulated that the

crack closure would lead to the formation and ageing of contact asperities between

the crack surfaces (this point is discussed at length for hydrostatic recovery, Sec-

tion 2.4). We believe that, in the absence of water and given the similarities in the

recovery conditions with those of our hydrostatic experiments, the same process

is at play in the experiments presented in this Chapter. Therefore, we hypothesise

that the removal of the differential stress after recovery would lead to crack reverse-

sliding (Scholz and Kranz, 1974; Nemat-Nasser and Obata, 1988; Brantut, 2015).

While the reverse sliding of cracks would effectively reduce crack aperture (in the
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case of wing cracks) in the sample, it would also lead to the destruction of the con-

tact asperities between the crack surfaces, dramatically reducing their stiffness and

therefore leading to a reduction in wave speed in the rock. This effect has been

observed for sliding surfaces (e.g., Nagata et al., 2014) and is often considered to

be responsible for velocity weakening of faults and could be responsible for the ob-

served behaviour here, despite the smaller scale of the cracks considered here. The

crack density increase observed in our case would then be the result of this stiffness

reduction and would not reflect any "real" increase in crack length or population.

Nevertheless, the dilatancy data seem to indicate that some small but appreciable

volume increase accompanies that reverse sliding. This could be attributed to some

level of shear-induced dilation during the reverse sliding of the cracks.

However, this hypothesis is in conflict with models of crack backsliding on

wing cracks. In fact, for backsliding to occur upon unloading a rock, the stress vari-

ation has to be sufficient to overcome the frictional resistance of the microcracks in

the reverse direction (Basista and Gross, 1998; David et al., 2012). This implies the

existence of a stress "dead-band" at the beginning of the unloading process, where

the DQ unloaded is not yet enough to activate reverse sliding and the crack popu-

lation is locked. This phenomenon is often seen as being responsible for hysteresis

effects in cyclic loading of rock samples (Holcomb, 1981). Moreover, while the

crack population is locked, the reduction in differential stress leads to the expan-

sion of the wing cracks effectively rendering the rock dilatant (Nemat-Nasser and

Obata, 1988). While this can partly explain the observed dilatation upon unloading

our sample (and the plateau in the "post-def" case in Figure 3.13), it cannot account

for the considerable difference in dilation between unloading after deformation and

after a recovery hold time. Additionally, our wave speed data show an instanta-

neous response to the unloading process suggesting that, if crack reverse sliding

is in fact responsible for the observed wave speed decrease, it occurs immediately

upon unloading, even at low DQ.

We saw that crack reverse sliding is insufficient to account for the data recorded

during the unloading of the sample after some recovery hold time. While reverse
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sliding implies a stress dead-band where cracks are frictionally locked, our data

show an instantaneous response of the crack array upon unloading the sample. What

we observed in these experiments is therefore likely to be a combination of an in-

stantaneous reopening of cracks (dilation) and asperity destruction (wave speed de-

crease) and a more delayed response in the form of reverse crack sliding beyond

some stress threshold.

3.5 Conclusion

We showed that mechanical recovery is only marginally hindered by differential

stress and can reach levels comparable to those in rocks subjected to hydrostatic

pressure conditions. We observed a transition in creep regime at a threshold strain

rate ( 10�6s�1) between fast brittle creep where microcracking is prevalent and

wave speed in the sample diminishes and slower creep where grain plasticity is

prevalent and wave speeds recover. During plastic creep, we interpreted wave speed

recovery as crack closure driven by plastic deformation of grains leading to the

formation of contact asperities between the microcrack surfaces. We demonstrated

that substantial wave speed recovery can coexist with time dependent deformation

in rock potentially bearing implications for post-seismic fault creep and its surface

signature. We also report a new behaviour of recovered rocks during unloading. We

observed that stress perturbations resulted in the reactivation of crack damage. We

hypothesised that the elastic relaxation of the rock matrix led to the reverse sliding

of cracks which, in turn, led to the destruction of the contact asperities formed

during the recovery period, translating to a reduction in stiffness of the medium.



Chapter 4

Fault reactivation and strain

partitioning at the brittle-ductile

transition

4.1 Introduction

Under the low pressure and temperature conditions of the upper crust, rocks gener-

ally deform by grain scale microcracking, and crustal-scale deformation is accom-

modated by slip on discrete fault planes. In this regime, the overall strength of the

crust is limited by fault friction (Scholz, 2002; Paterson and Wong, 2005). Deeper

in the crust, at higher pressure and temperature, rock deformation becomes more

diffuse, and may be driven by crystal plastic phenomena such as dislocation creep.

Here, the overall strength of rocks can generally be described by a steady-state flow

law sensitive primarily to temperature and strain rate (e.g., Goetze and Brace, 1972;

Evans and Kohlstedt, 1995). The transition between these two rheological domains,

the so called brittle-ductile transition, occurs over a pressure and temperature range

where rocks deform by an interplay of cracking and crystal plasticity. The brittle-

ductile transition often loosely refers to the progressive change in crustal rheology

with increasing depth; here we will use the term "ductile" in the sense described

by Rutter (1986), whereby it refers to macroscale distributed flow, regardless of the

nature of the deformation mechanism, and will use "brittle" to describe fracturing
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processes at all scales.

In nature, the brittle-ductile transition zone has been identified in exhumed

shear zones showing markers of crystal plastic deformation (e.g., mylonites) over-

printed by sharp slip planes and pseudotachylites that are inherent to the brittle

regime (e.g., Sibson, 1980; Passchier, 1982; Hobbs et al., 1986). Such field evi-

dence suggests that the transition in deformation mechanism is associated with a

change in the degree of strain localisation, from narrow frictional slip planes to

wider plastic shear zones.

Laboratory experiments have shown that the transition from localised frac-

ture to distributed flow generally occurs when the frictional strength of the fault

sf equates the bulk flow stress of the rock sflow (Byerlee, 1968; Kohlstedt et al.,

1995). However, distributed deformation at the macroscopic scale may still be

dominated by brittle microscale processes, and only further increases in pressure

and temperature lead to fully crystal plastic flow. This shows that the macro-scale

transition in strain localisation (localised-ductile transition) is not necessarily the

same as the micro-scale transition in deformation mechanism (brittle-plastic transi-

tion) and that the two transitions can occur under different pressure and temperature

conditions.The resulting complex interplay between brittle and plastic mechanisms

makes the flow stress sflow sensitive to a large number of parameters in the ductile

regime (see Evans and Kohlstedt, 1995, and citations therein), notably the imposed

strain rate and the accumulated strain.

Furthermore, the criterion sflow > sf for the onset of ductile deformation was

originally established from studies on initially intact materials, undergoing a simple

monotonic loading history, and describes deformation regimes in a binary man-

ner (localised or distributed), without emphasizing the potential for coexistence of

both fault slip and bulk ductile flow. The applicability of this criterion to the crust

might therefore be limited, since crustal-scale deformation is controlled by inherited

structures (preexisting faults and shear zones; see for instance Goetze and Evans,

1979; Brace and Kohlstedt, 1980). Thus, it remains unclear if and how faults are

reactivated across the brittle-ductile transition. Previous experimental studies have
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commonly used sample geometries that enforce sliding on narrow shear zones be-

tween essentially rigid blocks under increasing pressure and temperature conditions

(e.g., Shimamoto, 1986; Pec et al., 2016), which do not allow for quantification of

partitioning between fault slip and bulk strain.

Here, we conducted rock deformation experiments on pre-faulted rock sam-

ples and monitored strain partitioning and fault reactivation across the brittle-ductile

transition. Our experiments were performed on Carrara marble at room temperature

and confining pressures from 5 to 80 MPa. We determined partitioning of the total

shortening between fault slip and off-fault matrix strain by subtracting the matrix

strain (measured with strain gauges) from the total shortening (measured with exter-

nal displacement transducers). These measurements show that the localised-ductile

transition extends over the range of conditions where sy < sf < sflow, where sy

is the yield stress of the matrix, and that partitioning between fault slip and ma-

trix deformation is proportional to the ratio (sf �sy)/(sflow �sy). We conclude

that, even though fault friction controls the ultimate strength of rocks in the brittle

regime, off-fault ductile flow may contribute significantly to the total deformation

even at relatively shallow depths.

4.2 Method

The material chosen for our experiments was Carrara marble, selected because it

undergoes a brittle to fully plastic transition at room temperature and at moderate

confining pressure (⇡ 300 MPa, Paterson, 1958; Rutter, 1974; Fredrich et al., 1989).

Cylindrical samples of 100 mm in length (L) and 40 mm in diameter were cored,

and their faces ground parallel. Two pairs of strain gauges were bonded to the

middle of each core in order to record matrix strain (Figure 4.1). The samples

were jacketed in a Viton sleeve equipped with piezoelectric transducers arranged

to measure horizontal (diametral) P wave speed (e.g., Brantut et al., 2014a). The

jacketed samples were placed in an oil-medium triaxial apparatus. The applied

load was measured with an external load cell, and total axial shortening DL/L was

recorded externally by a pair of linear variable differential transformers (LVDT),
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corrected for the deformation of the loading train (Figure 4.2, inset). The confining

pressure (Pc) is imposed with an electromechanical pump, and is controlled with a

precision of 0.4 MPa.

Experiments were conducted in two stages (Table 4.1). During the first stage,

samples were pre-faulted by loading at Pc = 5 MPa until localised brittle failure

occurred. Following failure, an additional increment of shortening of either 0.1%

or 1% was allowed to accumulate before proceeding to the second stage, in order

to test any effect of accumulated fault slip on the transition. In the second stage,

the confining pressure was increased stepwise from 5 to 80 MPa in 5 or 10 MPa

increments. At each pressure step, the pre-faulted samples were re-loaded at an

axial shortening rate of ė = 10�5 s�1 until 0.1% of irrecoverable axial shortening

was accumulated, and then unloaded before proceeding to the next pressure step.

An additional experiment was performed in order to investigate the effect of

shortening rate. In this case, two rates were used at each confining pressure step:

first, the sample was loaded at ė = 10�4 s�1 until 0.1% shortening was accumulated;

second, the sample was partially unloaded (by approximately 20 MPa) and then

reloaded at the lower rate of ė = 10�6 s�1 until a further 0.1% shortening had

accumulated.

Throughout each experiment, the horizontal P wave speed (perpendicular to the

compression axis) was measured repeatedly using the method described in Section

A.2.

External LVDTs record the total axial shortening, which is the sum of the strain

in the rock matrix ematrix and the projected slip on the fault d cos(q)/L, such that

DL/L = ematrix +d cos(q)/L, where d denotes the fault slip and q is the fault angle

with respect to the compression axis. By contrast, the strain gauges record only the

matrix strain off the main fault (over an area of about 1 cm2). The contribution of

slip to the total shortening can therefore be determined from taking the difference

between the strain gauge and LVDT readings.
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Sample Pc [MPa] Accumulated DL/L [%] Shortening rate [s�1] Type

CMnf02 10-80 0.1 10�5 Natural fault

CMnf05 35 0.1 10�5 Natural fault

CMnf08 20-50 0.1 10�5 Natural fault

CMnf09 10-60 1 10�5 & 10�6 Natural fault

Table 4.1: Table summarizing the the conditions of the experiments presented in this chap-

ter.

4.3 Results

Recovered samples were cut in half and polished. They all revealed the existence

of one fault plane cutting the sample at an angle of roughly 45� with respect to the

long axis of the cores along with clear signs of barrelling (Figure 4.1).

During the first deformation stage at Pc = 5 MPa, the differential stress first

increases linearly with total axial shortening, then deviates and reaches a peak at

105 MPa (Figure 4.2 A., Stage 1). With further deformation, stress at first decreases

slowly over about 0.6% shortening, and then drops sharply. Prior to the stress drop,

the matrix strain remains essentially equal to the total axial shortening. At the stress

drop, the matrix strain is partially relaxed, and then remains constant with further

shortening (Figure 4.2 B.). In this first stage, the sample behaves in a manner typical

of the brittle regime, and the stress drop (accompanied with partial relaxation of the

off-fault elastic strain) marks the formation of the macroscopic shear fault.

During the second stage (Figure 4.2 A., Stage 2), at each confining pressure

step, the stress-shortening relationship is initially linear, but deviates from linearity

at some threshold stress sy, and then tends to plateau. This ‘plateau’ stress increases

with increasing confining pressure, from 45 MPa at Pc = 10 MPa to 245 MPa at

Pc = 80 MPa. At low confining pressures (10 and 20 MPa), the matrix strain initially

increases at the same rate as the total shortening, then deviates towards a constant

value. The deviation point occurs at a stress denoted sf, and marks the onset of

fault slip (indicated by the triangles in figure 4.2 B.). At intermediate confining

pressures (from 30 to 60 MPa), the same deviation between matrix strain and total
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shortening is observed to occur, but the matrix strain continues to increase beyond

this point, albeit at a lower rate, indicating contributions from both matrix strain and

fault slip to the total shortening. Finally, at the highest confining pressures (70 MPa

and above), the matrix strain remains equal to the total shortening throughout the

deformation cycle, which implies that the fault is fully locked.

In order to aid assessment of the extent of micro-cracking of the matrix during

our experiments, the horizontal P wave speed across the fault was measured during

each second-stage deformation cycle. The wave speed at the start of each cycle in-

creases with confining pressure. During deformation, the wave speed changes very

little for cycles at confining pressures lower than 30 MPa, but experiences a pro-

gressive decrease for all cycles at higher pressures (Figure 4.3 A.). The magnitude

of the decrease in P wave speed increases with increasing confining pressure from

30 to 60 MPa but then decreases at higher confining pressures.

During the single cycle experiment, matrix strain initially increases linearly

with total shortening with a slope of one until eventually deviating and increase at

a lower rate with a slope of 0.5 at a threshold shortening, it then appears that no

further deviation in matrix strain occurs for a total shortening of up to a further 2%.

(Figure 4.4). Simultaneously, the horizontal P wave speed in the sample decreases

rapidly with total shortening up to roughly the same threshold value of shortening.

With further loading, wave speeds continued decreasing albeit at a lower rate.

At confining pressures of 10 and 20 MPa, the yield stress and the fault strength

are equal, and the calculated slip contributes close to 100% of the total shorten-

ing (Figure 4.5 A., D.). Between Pc =30 MPa and Pc =60 MPa, sf increases

linearly with confining pressure, whereas sy remains approximately constant at

around 115 MPa. Over this pressure range, the slip contribution progressively de-

creases from around 80% at Pc = 30 MPa down to around 15% at Pc =60 MPa. At

Pc = 70 MPa and above, the fault is fully locked, sf becomes inaccessible and the

slip contribution drops to zero.

During the experiment where more slip is accumulated on the fault (1% rather

than 0.1%) prior to stage 2 (Figure 4.5 B., E.), sf and sy behave in a comparable
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manner to that described above, but sf increases with increasing confining pressure

at a slightly higher rate. As a result, the deviation between the two initiates at

Pc =20 MPa and the fault becomes fully locked around Pc =55 MPa. Similarly, the

slip contribution decreases over this confining pressure range from above 60% at

Pc =20 MPa, down to 20% at Pc =45 MPa.

During the experiment at the higher shortening rate of 10�4 s�1 (Figure 4.5

C., F.), the overall trend remains the same, but the confining pressure domain over

which sf and sy are equal extends up to 35 MPa. From Pc = 40 MPa to Pc = 60 MPa,

sf continues increasing linearly with increasing confining pressure and sy remains

approximately constant at 135 MPa. The slip contribution decreases from roughly

80% at Pc = 40 MPa down to 0% at Pc = 60 MPa. At the lower shortening rate of

10�6 s�1, the stress at the onset of fault slip sf does not differ significantly from that

at higher shortening rates. By contrast with the test performed at 10�4 s�1, where

the decrease in slip contribution initiates at a confining pressure of around 40 MPa,

at the lower rate of 10�6 s�1 that decrease initiates at a lower pressure of around

15 MPa. .

4.4 Discussion

Our experiments show that with increasing confining pressure, faulted Carrara mar-

ble samples gradually shift from purely localised behaviour where most of the de-

formation is accommodated by slip on the fault, to ductile behaviour where strain

is homogeneously distributed throughout the sample and the fault is locked. The

transition commences at the confining pressure where the fault strength becomes

larger than the matrix yield stress (sf > sy), and terminates when the fault strength

becomes equal to the matrix flow stress (sf = sflow) (Figure 4.5 A., B., C.). Thus, a

transitional behaviour where both fault slip and matrix deformation co-exist occurs

over a range of conditions delimited by sy < sf < sflow.

Under the conditions where sf =sy, no matrix strain is recorded (confirmed by

the absence of significant variations in P wave speed), and the yield stress of the rock

is controlled by fault friction alone. This can be explained by the fact that, at low Pc,
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100 m
m

40 mm

F

B

Intact Deformed

Figure 4.1: Left: picture of a sample equipped with strain gauges and prior to jacketing.

Right: scan of the cross section of a deformed sample. The picture has been al-

tered to improve contrast. F represents the sample-scale fault and B the ductile

barrelling.

the fault frictional strength is likely to be lower than the yield stress of the off-fault

matrix material (Fredrich et al., 1989). However, when sf > sy, the rock initially

yields in the matrix and deformation is entirely ductile. The associated decrease in

P wave speed indicates that this ductility is driven mostly by diffuse microcracking.

However, upon further loading, strain hardening eventually leads to reactivation of

the fault when the applied stress reaches sf (confirmed by the existence of a single

fault plane in post mortem samples, Figure 4.1). Prior to the reactivation of the

fault, partitioning of strain remains simple and all the shortening is accumulated

in the matrix (Figure 4.6). After reactivation, both ductile matrix strain and fault

slip operate simultaneously, and partitioning of the total shortening between them

is proportional to the ratio (sf �sy)/(sflow �sy), regardless of shortening rate and

initial fault slip (Figure 4.7). Interestingly the reactivation of the fault is sharp when

the applied load reaches sf rather than being gradual (Figure 4.6). When sf � sflow,
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Figure 4.2: Mechanical data for a full fault reactivation experiment (1% accumulated slip,

ė = 10�5 s�1). In A. is shown differential stress against total axial shortening

and in B., matrix strain against total axial shortening. The unloading phases

of each cycle have been removed to aid clarity. Triangles represent the points

at which the fault in the sample is reactivated (i.e., begins to slip) and squares,

points at which yield occurs in the sample. The numbers above the curves

represent confining pressure. Inset in B. shows the two different recorded de-

formations.
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Figure 4.4: Mechanical and horizontal P wave speed data for a single cycle experiment

at Pc = 35 MPa. The sample was placed in conditions such that the strain

partitioning between slip and bulk deformation would be roughly 50/50.
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Figure 4.5: A, B, C: flow stress (sflow), maximum stress (smax), fault strength (sf) and yield

stress (sy). D, E, F: slip contribution to the total shortening during each defor-

mation cycle. Data are represented for three different scenarii with panels A, D:

0.1% imposed accumulated fault slip, ė = 10�5 s�1, panels B, E: 1% imposed

accumulated fault slip, ė = 10�5 s�1, and panels C, F: 0.1% imposed accumu-

lated fault slip, ė = 10�4 s�1 (open symbols) and 10�6 s�1 (solid symbols).

Data in black are from Fredrich et al. (1989).

the fault is locked and the deformation is fully ductile. The decrease in magnitude

of the drop in P wave speed under these conditions suggests that the contribution of

microcracking to the overall deformation decreases with respect to that of crystal

plasticity (Fredrich et al., 1989).

Our observations highlight the key role of the yield stress in the partitioning

between localised fault slip and bulk deformation of the matrix. In Carrara marble,

the control on yield stress switches from microcracking to crystal plastic phenom-

ena at low confining pressure (⇡ 50 MPa, Fredrich et al. (1989), Figure 4.8). This is

corroborated by the pressure insensitive behaviour exhibited by our yield stress data

at Pc > 40 MPa (Figure 4.5 A., B., C.). The plastic yield stress in Carrara marble is
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deformation rate-dependent, and increases by around 20 MPa from ė = 10�5 s�1 to

ė = 10�4 s�1 (Figure 4.5 A, C). Remarkably, the impact of rate on the partitioning

of deformation is well captured, to first order, by the rate-dependency of yield stress

only (Figure 4.7).

The results from our experiments conducted on Carrara marble are compatible

with previous studies on silicate rocks using initially intact samples. For instance,

Hirth and Tullis (1994) observed a transition from brittle to ductile deformation of

quartzite over the range 500 to 700�C and 0.4 to 1.0 GPa confining pressure. Over

this pressure and temperature domain, they reported that rocks initially yielded in

a ductile manner, and that further deformation eventually lead to strain localisation

and faulting. This sequence is similar to that observed in our tests on marble, and

demonstrates that strain hardening not only allows for fault reactivation, but also for

fault formation and growth. Similarly, experiments performed on Westerly granite

(Tullis and Yund, 1977) and feldspar aggregates (Tullis and Yund, 1992) show that,

as the pressure and temperature conditions approach the brittle-ductile transition,

significant off-fault ductile deformation is observed, and both localised shear zones

and distributed ductile/plastic flow coexist.

The existence of a zone of transitional behaviour delimited by the yield stress

can be integrated into a crustal strength profile model (e.g., Kirby, 1980; Brace and

Kohlstedt, 1980; Sibson, 1983; Figure 4.8). Because yield stress is systematically

lower than the flow stress, it appears that the transitional regime where ductile and

localised strain coexist extends towards shallower depths compared to more classi-

cal models of the brittle-ductile transition, into a depth range usually considered to

be fully brittle. In this zone, the ultimate crustal strength is still controlled by fault

friction, but with increasing depth a growing proportion of the strain can be ac-

commodated off-fault as the yield stress diverges from the frictional strength. This

would predict an overall widening of the shear zone, which is consistent with ge-

ological (e.g., Sibson, 1977; Scholz, 1988; Shimamoto, 1989; Cooper et al., 2010,

2017) and geophysical (e.g., Cowie et al., 2013) observations. Furthermore, high

strain rates during seismic and postseismic slip would increase both yield and flow
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stresses, therefore shifting the transitional regime to greater depth.This is consistent

with the existence of a zone of alternating behaviour as discussed by Scholz (1988)

and the formation of complex overprinting brittle and ductile structures akin to that

observed in nature (e.g., Sibson, 1980; Melosh et al., 2014). Conversely, very low

tectonic strain rates during the interseismic period (10�12s�1 to 10�15s�1) would

reduce yield and flow stresses which would in turn promote ductile deformation by

shifting the transitional regime to lower depths. In this region of the crust, fault re-

activation is dependent on the ability of the crust to harden with increasing strain. If

recovery mechanisms are active, it is possible that large amounts of tectonic strain

can be accommodated off-fault during transient deformation episodes, and if re-

covery is predominant, fault reactivation never occurs. Therefore, the grey area in

Figure 4.8 represents all possible stress states in the crust. This rheology could

explain the abnormally low stresses recorded around major faults (e.g., Behr and

Platt, 2014) but, the mechanisms responsible for low-temperature strain hardening

and recovery are, to date, mostly unknown.

Unfortunately, there is a paucity of systematic data on low temperature yield

stress in crustal rocks. However, laboratory studies on wet quartz single crystals

(e.g., Balderman, 1974; Doukhan and Trépied, 1985) suggest low-temperature yield

stresses of the order of 50 to 100 MPa, which would imply a transition zone depth

of only a few kilometres in the continental crust.

4.5 Conclusion

We have developed a simple method to accurately monitor the partitioning of to-

tal shortening between on-fault slip and bulk strain during triaxial deformation of

faulted rock samples. We showed the existence of a deformation regime in the con-

ditions where sy < sf < sflow within which localised slip and ductile strain coexist.

In this regime, yield stress of the bulk rock controls the partitioning, the contribution

of each deformation mechanism is proportional to the ratio (sf �sy)/(sflow �sy).

Additionally, we highlighted the key role of strain hardening in activating defor-

mation mechanisms sequentially in the localised-ductile transitional regime. Our
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10�5 s�1, and stars: 0.1% accumulated slip, ė = 10�4 s�1.
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new criterion is in good agreement with experimental results on silicate rocks and

with geological observations in the field. It extends the common brittle-ductile zone

model to shallower depths and justifies the existence of a zone of alternating defor-

mation behaviour and their associated structures.



Chapter 5

On the reactivation of smooth faults

5.1 Introduction

In the previous chapter we have established a criterion bounding a zone where

faulted samples gradually shift from a fully brittle behaviour characterised by lo-

calised deformation on a fault, to a fully ductile behaviour where deformation is

distributed in the sample. We showed that this localised-ductile behaviour initi-

ates when the frictional strength of the fault exceeds the yield stress of the matrix

rock (sf > sy), and terminates when the frictional strength of the fault equates or is

greater than the flow stress of the matrix rock (sf � sflow). Additionally, we showed

that, in the transitional regime, both fault slip and off fault ductile deformation oc-

cur simultaneously. Furthermore, we showed that the partitioning of the total strain

between on-fault slip and off-fault ductile deformation when both mechanisms are

active is proportional to the ratio (sf �sy)/(sflow �sy).

We integrated the localised-ductile transition zone in a crustal rheology model

which extended the commonly accepted brittle-ductile transition to shallower depth,

in a domain often considered purely brittle. This implies that, in the seismogenic

layer of the crust, considerable amounts of tectonic strain could be accommodated

through ductile deformation. Nevertheless, our experiments on natural faults (Chap-

ter 4) only displayed stable slip which is not necessarily representative of seismo-

genic faults. We can therefore wonder if our criteria can adequately describe the

localised-ductile transition of unstable faults and if the partitioning of strain when
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stick slip events occur, scales with the ratio (sf �sy)/(sflow �sy).

In this chapter, we present exploratory experiments on saw-cut smooth faults.

This extreme case of fault geometry, although not realistic, are complementary to

the results discussed in Chapter 4. Here, we deformed pre-cut and polished samples

of Carrara marble across the localised-ductile transition at room temperature and

recorded the partitioning of strain between slip on the polished faults and the bulk

rock using the method developed in the previous chapter (see Section 4.2). We

show that the criterion sy < sf < sflow bounds the localised ductile transition of

unstable faults. We observed that the transitional zone of faults with low coefficient

of friction is broader and initiates at higher confining pressure than that of stronger

faults highlighting the impact of fault geometry on the brittle-ductile transition.

Moreover, we show that the plastic strain necessary to reactivate unstable faults

in the transitional zone scales with the ratio (sf �sy)/(sflow �sy). We conclude

that fault behaviour is primarily controlled, in our experiments, by fault history and

confining pressure, independently of the localised-ductile transition zone.

5.2 Method

For this set of experiments, we used Carrara Marble cores from the same quarried

bloc as the cores used in the experiments presented in Chapter 4. We used a rock

saw to cut the samples in their middle at an angle of 30� degrees with respect to the

long axis of the cores (Figure 5.1 A.). We ground the loading surfaces of the samples

to ensure parallelism, and the two surfaces of the fault to improve their smoothness

(expected roughness is 0.3-0.1 Ra). The final length of the rock cores was L = 100

mm. We equipped the samples with two strain gauges glued onto the rock surface

on both sides of the fault in the middle of the core (Figure 5.1 B.). The samples were

then jacketed in a custom-made Viton jacket with an adapted piezoelectric sensor

geometry. Holes were punched in the jacket to accommodate the sensors in the

positions shown on the sensor map Figure 5.2. In this configuration, the jacket was

fitted with 12P and 2Sh sensors arranged in a manner that maximized the amount

of ray paths going through the fault. We glued the sensors onto the samples using
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cyanoacrylate glue ("Superglue") and sealed the jacket holes using epoxy adhesive

(Figure 5.2).

Two saw-cut samples were tested with different pressure paths (i.e., confining

pressure evolution with time during the experiment, see Table 5.1).The first sample

(CMsc01) was held for a duration of 1 hour at a confining pressure Pc = 10 MPa

for equilibration before starting the experiment. After the holding time, the piston

was delicately placed in contact with the sample surface and loading was initiated.

During this experiment, Pc was increased step-wise from 10 MPa to 170 MPa with

20 MPa increments (Figure 5.3). When Pc reached the maximum value of 170 MPa,

the sample was left for roughly 3 hours, after what the experiment was resumed

with decreasing Pc. At each pressure step, the sample was left to equilibrate for 15

minutes before loading. With the exception of three pressure steps, during each Pc

step, the sample was loaded at a constant shortening rate ė = 10�5 s�1 until either

two stick slip events had occurred (in the case of unstable sliding) or 0.1% axial

shortening (DL/L) had accumulated (in the case of stable sliding). At Pc = 110,130

and 150 MPa, only one stick slip event was induced per pressure step, and at Pc =

170 MPa, three stick slip events were induced, two before the three hour holding

time and one after. At the end of all pressure steps, after deforming the sample and

before stepping up the confining pressure, the sample was partially unloaded.

To investigate the potential effect of slip history on the reactivation of smooth

faults, we tested a second sample (CMsc02) which underwent a different pressure

path (Table 5.1). In this case, the sample was placed in the pressure vessel and

the confining pressure immediately increased to 170 MPa (Figure 5.3). The sample

was then held overnight (⇠12h) to equilibrate. After the holding time, the confining

pressure was decreased step-wise by 20 MPa steps, down to Pc = 10 MPa at which

the sample was held for roughly 2 hours. The experiment was then resumed and the

pressure increased again following the same protocol. The experiment was termi-

nated when Pc reached 170 MPa. Each pressure step, the sample was loaded in a

manner identical to that described above.

We determined partitioning of the total shortening between fault slip and off-
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Sample Pc [MPa] Equilibration time [h] Shortening rate [s�1] Type

CMsc01 10-170-10 1 10�5 Saw-cut

CMsc02 170-10-170 12 10�5 Saw-cut

Table 5.1: Table summarizing the the conditions of the experiments presented in this chap-

ter.

40 mm

Top Bottom

A. B.

Figure 5.1: Photograph of the two halves of a saw-cut sample after its surfaces were ground

(A.) and a photograph of an assembled saw-cut sample equipped with strain

gauges (in red) prior to jacketing (B.). The black circles indicate the position

of the piezoelectric sensors.

fault matrix strain by subtracting the matrix strain measured with strain gauges

from the total shortening measured with external displacement transducers using

the method detailed in Chapter 4, Section 4.2. We also used the the strain gauges

data to determine fault strength (sf) in the cycle where stress drops were not evident

using the method shown Figure 4.2.

5.3 Results

The mechanical behaviour of sample CMsc01 is shown in Figure 5.4. During the

increasing phase of the confining pressure path, at Pc = 10 MPa, differential stress

initially increases linearly with axial strain and then plateaus at a stress sf = 20 MPa
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Figure 5.3: "Pressure paths" followed by samples CMsc01 (black) and CMsc02 (grey) over

the course of the experiments.

(Regime I). With increasing confining pressure, at Pc = 30 MPa and above, the

mechanical behaviour dramatically changes. In this regime, stress initially increases

linearly with strain and then abruptly drops at a threshold stress sf (Regime II). This

sudden stress drop was also accompanied in the laboratory by an audible sound.

The amplitude of the stress drop increases with increasing Pc from 40 MPa at Pc =

30 MPa, to 77 MPa at Pc = 170 MPa. The second stress drops of the loading cycles

in this regime, are generally occurring at a similar or lower sf and have a reduced

amplitude. During the decreasing phase of the pressure path, the amplitude of the

first stress drop of each cycle decreases with Pc from 47 MPa at Pc = 170 MPa to

10 MPa at Pc = 70 MPa. In this phase of the experiment, the mechanical behaviour

reverts to its initial behaviour (i.e., no stress drop, Regime I) at Pc = 50 MPa.

The mechanical behaviour of CMsc02 was dissimilar to that of CMsc01 (Fig-

ure 5.5). During the first loading cycle of the experiment, at Pc = 170 MPa, the

stress evolution with axial shortening transitions from a linear increase to a gradu-

ally slower augmentation at a threshold stress sy = 136 MPa. The gradual increase

of stress eventually leads to a stress drop at sf = 261 MPa (Regime III). The sample

remains in this regime at Pc = 150 and 130 MPa and a first transition from regime

III to II occurs at Pc = 110 MPa. From Pc = 170 MPa to Pc = 30 MPa, the ampli-

tude of the stress drops decreases from 177 to 8 MPa. At Pc = 10, the mechanical
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Figure 5.4: Evolution of differential stress against axial shortening during the reactivation

experiment CMsc01. The unloading phase of each cycles have been removed

to aid clarity. Numbers indicate the confining pressure (in MPa) and the dashed

line the holding time between the increasing and decreasing parts of the pres-

sure path.

behaviour of the sample changes once more, and becomes that of Regime I. Upon

stepping the confining pressure upward, the sample transitions from regime I to II

at Pc = 30 MPa, and from regime II to III at Pc = 50 MPa. In this phase of the

experiment, stress drops remain generally small in amplitude and decrease with in-

creasing Pc from 10 MPa at Pc = 30 MPa to 5 MPa at Pc = 150 MPa. Finally at

Pc = 170 MPa, the sample displays a fourth distinct behaviour, where stress devi-

ates from a linear increase at sy = 129 MPa and keeps on increasing until eventually

plateauing at 275 MPa, with no discernible stress drop (Regime IV).

Over the increasing part of the pressure path of CMsc01, the horizontal P wave

speed in the sample at the start of each loading cycle increases with confining pres-

sure (Figure 5.6). At pressures below 150 MPa, wave speeds increase slightly at the

beginning of the loading cycles. With further loading, wave speeds in the sample

change very little. At Pc = 170 MPa, wave speeds show a slight increase contempo-

raneously to the stress drops. Over the descending part of the pressure path, wave

speeds at the start of the loading cycles decrease with confining pressure. During

deformation at Pc = 170 MPa, wave speeds behave in an identical manner to that at
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Figure 5.5: Evolution of differential stress against axial shortening during the reactivation

experiment CMsc02. The unloading phase of each cycles have been removed

to aid clarity. Numbers indicate the confining pressure (in MPa) and the dashed

line the holding time between th decreasing and increasing parts of the pressure

path.

the same confining pressure during the ascending part of the pressure path. During

deformation, at pressures below 150 MPa, wave speeds remain roughly constant in

the sample.

In CMsc02, wave speeds at the start of each loading cycle behave in a manner

similar to that in CMsc01, it decreased and increased with confining pressure (Fig-

ure 5.7). At Pc = 170 MPa, wave speeds decrease during loading until eventually

stress drops occur. During the two stress-drops of this loading cycle, wave speeds

in the sample increase sligthly. At Pc = 150 and 110 MPa, wave speeds decrease

by roughly 100 m/s during loading while it remain constant at Pc = 130 MPa. At

pressures below 90 MPa, wave speeds remain constant over the entire loading cycle.

Wave speeds data for the cycles at Pc = 30 and 10 MPa were noisy and could not be

analysed, therefore they have been left out of Figure 5.7. Over the ascending part of

the pressure path, data were noisy at Pc = 10 MPa only and have similarly been left

out. At Pc = 30 MPa, wave speeds increase by 85 m/s over the loading cycle. Dur-

ing the subsequent loading cycles at confining pressures of 50 and 70 MPa, wave

speeds change very little, but experience a progressive decrease for all cycles at
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Figure 5.6: Horizontal P wave speed in sample CMsc01 during the reactivation experiment.

The unloading phase of each cycle have been removed to aid clarity. Data for

the cycle at Pc = 10 MPa were noisy and therefore have been left out of the

figure. Numbers indicate the confining pressure (in MPa) and the dashed line

the holding time between the increasing and decreasing parts of the pressure

path.

higher pressures. The magnitude of the reduction in P wave speed becomes greater

with increasing confining pressure from �35 m/s at Pc = 90 MPa to �120 m/s at

Pc = 170 MPa.

Over the increasing part of CMsc01 pressure path, sf increases somewhat

linearly with confining pressure from 8 MPa at Pc = 10 MPa to 110 MPa at

Pc = 170 MPa (Figure 5.8 A.). Over the descending part of the pressure path of

the same experiment, sf decreases linearly with Pc from 103 MPa at Pc = 170 MPa

to 5 MPa at Pc = 10 MPa (Figure 5.8 B.). No matrix strain was recorded during the

deformation of CMsc01.

Over the decreasing part of CMsc02 pressure path, sf decreases rapidly from

261 MPa at Pc = 170 MPa to 108 at Pc = 110 MPa (Figure 5.9 A.). Simultaneously,

sy decreases from 136 MPa at Pc = 170 MPa and equates sf at Pc = 110 MPa. Over

this same pressure range, matrix strain preceding stress drops decreases rapidly

from 0.47% at Pc = 170 MPa to 0 when sf = sy (Figure 5.9 C.). With further

decrease in confining pressure, sf and sy remain equal and decrease linearly to
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Figure 5.7: Horizontal P wave speed in sample CMsc02 during the reactivation experiment.

Data for the cycles at Pc = 30 and 10 MPa were noisy and therefore have been

left out of the figure. The unloading phase of each cycles have been removed

to aid clarity. Numbers indicate the confining pressure (in MPa) and the dashed

line the holding time between the decreasing and increasing parts of the pres-

sure path.

9 MPa at Pc = 10 MPa. Over the pressure range where sf = sy, no matrix strain

was recorded in the sample prior to the reactivation of the fault. Upon increasing

the confining pressure, sf and sy remain equal up to Pc = 50 MPa (Figure 5.9 B.).

Over this pressure range, they both increase linearly from 6 MPa at Pc = 10 MPa

to 69 MPa at Pc = 50 MPa. Over this part of the pressure path, no off-fault matrix

strain was recorded. At pressures greater than 50 MPa, sf and sy diverge. While

sf continues to increase linearly with pressure up to 249 MPa at Pc = 170 MPa, sy

gradually plateaus around 125 MPa. Concurrently,off-fault matrix strain increases

with increasing Pc up to 0.35% at Pc = 170 MPa (Figure 5.9 D.).

5.4 Discussion

We can interpret the four observed regimes in light of our newly developed criterion

for the localised-ductile transition of rocks discussed in Chapter 4 (see Figure 4.8).

We calculated the static coefficient of friction of the fault in CMsc01. Over the

ascending part of the pressure path, at Pc = 10 and 30 MPa, the static coefficient
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Figure 5.8: Evolution of frictional strength (sf, triangles) with confining pressure for the in-

creasing (A.) and decreasing (B.) parts of CMsc01 pressure path. The triangles

are pointing in the direction of the confining pressure change. Black diamonds

represent the flow stress (sflow) of Carrara marble obtained from Fredrich et al.

(1989). Black squares represent the yield stress (sy) of Carrara marble obtained

from the study presented in Chapter 4, Figure 4.5.

of friction of the fault lies between µ = 0.5-0.55. At confinements above Pc = 50,

the coefficient of friction of the fault is lower and lies between µ = 0.25-0.35.

Over the descending part of the pressure path, the static coefficient of friction of

the fault remained constant at µ = 0.23. Due to these very low coefficients of

friction of the fault in CMsc01, sf remained lower than sy for the entirety of the

experiment (Figure 5.8). Therefore the sample remained in the purely frictional

domain (sf < sy). In this scenario, the fault is weaker than the surrounding rock

and will reactivate before yield in the bulk occurs. Consequently, Regime I and II

correspond to the elastic loading of the rock followed by stable or unstable slip on

the fault respectively. In these two regimes, the absence of damage in the bulk is

corroborated by the relatively constant wave speeds in the sample (Figure 5.6).

Similarly, the fault in CMsc02 showed a higher coefficient of friction of

µ = 0.48 at Pc = 170 MPa which decreased to µ ⇡ 0.35 over the remainder of the

decreasing part of the pressure path. Conversely, on the ascending part of the pres-

sure path, µ remained constant at a value of approximately 0.5. As a result, sf was
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Figure 5.9: Evolution of frictional strength (sf, triangles) and yield stress (sy, squares)

with confining pressure for the decreasing (A.) and increasing (B.) parts of

CMsc02 pressure path. The triangles are pointing in the direction of the con-

fining pressure change. Black diamonds represent the flow stress (sflow) of

Carrara marble obtained from Fredrich et al. (1989). Matrix strain prior to fault

reactivation with confining pressure for the decreasing (C.) and increasing (D.)

parts of CMsc02 pressure path

greater than sy between Pc = 170 and 110 MPa over the decreasing part of the pres-

sure path, and between Pc = 50 and 170 MPa over the increasing part of the pressure

path (Figure 5.9 A. and B.). According to our criterion, this places CMsc02 in the

transitional localised-ductile regime over these two pressure ranges. This conclu-

sion is validated by the mechanical data which showed yield in the matrix preceding

fault reactivation. The wave speed data in this pressure range indicate that the off-

fault deformation is at least partly accommodated through microcracking (Figure

5.7). However, as for natural fault samples, matrix deformation is accompanied by

strain hardening which eventually leads to the reactivation of the fault. After reac-

tivation, unstable slip of the fault would correspond to regime III and stable sliding
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to regime IV.

Our results highlight the role of fault frictional strength in the depth and breadth

of the localised-ductile transition. While natural fault samples presented in Chapter

4 typically transitioned over a 20 MPa pressure range centred around Pc = 40 MPa,

the much weaker polished fault of CMsc02 transitioned over a 120 MPa pressure

range centred around Pc = 110 MPa. The case of CMsc01 was even more extreme

as its fault was so weak that it did not even initiate the transition and remained fully

localised over the entire pressure range explored.

In nature, it has been observed that crustal faults are generally weak (Behr and

Platt, 2014). The impact of such a lower coefficient of friction on the overall brittle-

plastic transition is illustrated in Figure 5.10. A lower coefficient of friction implies

that the frictional resistance of the fault is lower than the yield strength of the bulk

rock over a greater depth range. In other words, the purely brittle layer of the crust

will be thicker in the case of a weak fault. Similarly, a lower coefficient of friction

implies that the criterion sf < sflow will be met over a greater depth range, hence the

localised-ductile transitional domain will also be extended by a weak fault. Overall,

strain localisation onto a discrete fault plane will be possible over a thicker layer of

the crust in the case of a weak fault than that for a strong fault.

CMsc01 showed a higher coefficient of friction at low confinements (10 and 30

MPa) than that at higher confinements. This non-linearity of friction with confining

pressure is observed for most types of rocks and is often attributed to a change

in the micromechanics of sliding (e.g., Byerlee, 1967, 1968). At low confining

pressure, the normal stress acting on the sliding surfaces is not yet enough to prevent

asperities from lifting past each other. Consequently, in this domain, friction is

highly dependent on surface roughness. At higher confining pressure it becomes

"easier" to shear asperities plastically than to have them slide past each other and

therefore the role of roughness in frictional resistance is decreased.

CMsc02, which was held at Pc = 170 MPa for 12h, appeared to have a higher

coefficient of friction despite having been polished to the same extent as CMsc01.

We interpret this dramatically different coefficients of friction of the two faults as
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Figure 5.11: Contribution of slip to the total shortening as a function of the ratio (s �

sy)/(sflow�sy) during the ascending part of CMsc02 pressure path. Strain in

the sample is accommodated in a binary manner; upon loading the sample, the

deformation is accommodated in the matrix and upon reactivating the fault, on

the fault only. Numbers represent the confining pressure (in MPa).

a result of the equilibration time preceding the experiments. During the holding

time at high pressure, we expect contacts between the fault surfaces to form, age

and spread resulting in an increased frictional strength of the fault (Dieterich, 1978;

Pyrak-Nolte et al., 1990; Dieterich and Kilgore, 1994). Consequently, at the begin-

ning of the experiment, the fault in CMsc02 was much stronger and its reactivation

lead to dramatic stress-drops which potentially altered the fault surfaces resulting in

different frictional properties to those of CMsc01.

Overall, the very low static coefficients of friction of the two saw-cut faults

is perplexing. Saw-cut and friction experiments on rocks and gouge material, cus-

tomarily yield friction coefficients in the range predicted by Byerlee’s law (0.6-0.7,

Lockner et al., 1987) and so, even in the case of carbonate rocks (Weeks and Tullis,

1985; Verberne et al., 2014, 2015). One exception to this is the work of Passelègue

et al. (2019) who conducted saw-cut experiments on dolostone. They polished the

surfaces of the faults to a high finish of around 50 µm and report a static coeffi-

cient of friction for these of around 0.3 to 0.4 at room temperature and confinement

similar to the values used in our study. Moreover, they report an increase in static
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friction with increased temperature, up to levels closer to Byerlee’s friction law.

They interpret this result as being due to the interaction between plastic processes

and fault processes. Low static coefficients of friction might be an inherent property

of smooth faults in carbonates but to date there is a lack of systematic studies on

these particular cases of fault geometry.

Partitioning of the total strain in the sample appears to be binary. Upon load-

ing the sample, the entirety of the deformation is accommodated through off-fault

matrix deformation but upon reactivating the fault, the partitioning changes and the

totality of the shortening is accommodated by fault slip (Figure 5.11). This change

in strain partitioning is swift and occurs as soon as the applied stress reaches the

fault strength. In the case of multiple stick-slips occurring, partitioning of strain

goes back and forth between matrix strain and on-fault slip (nicely illustrated by

the two peaks at Pc = 90 MPa in Figure 5.11). This originates from the stick-slip

induced stress drops. In fact, due to the reduced stress, the fault becomes locked im-

mediately after slipping and the partitioning switches to the matrix until more strain

hardening eventually leads to further stick-slip events. Additionally, contrary to the

natural faults of Chapter 4 and due to the unstable nature of slip during most loading

cycles, we did not observe fault slip and matrix deformation being active simultane-

ously. Therefore, the empirical law discussed in the previous chapter breaks down

in the case of unstable slip. Nevertheless, off-fault matrix strain accumulated in

the sample prior to reactivation scales with the ratio (sf �sy)/(sflow �sy) (Figure

5.12). This shows that the empirical law discussed in Chapter 4 can describe ade-

quately the amount of off-fault ductile strain necessary to reactivate unstable faults.

These results bear two remarkable implications. Firstly, that fault slip and matrix

deformation can only be active simultaneously if the fault is slip hardening (i.e., sta-

ble). In this case, the partitioning while both mechanisms are active is likely to be

a function of the hardening of the fault and in the matrix. Secondly, that the ductile

strain necessary to achieve fault reactivation is proportional to the stress increase

required to reach fault strength, in other terms, that the stress increase due to strain

hardening is a linear function of accumulated ductile strain. Overall, this confirms
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the hypothesis we formulated in the discussion of the previous chapter, that a large

amount of tectonic strain could be accommodated through ductile deformation prior

to earthquakes in the seismogenic layer of the crust.

Interestingly, the deformation regime of the sample (i.e., purely frictional or

localised-ductile transitional) does not seem to impact the slip behaviour of faults

and both types of slip were observed in both regimes. In our experiments, the overall

slip behaviour of the faults seems linked to fault history and marginally to confining

pressure. Both samples showed a transition from stable sliding to stick-slip with

increasing confining pressure albeit at different Pc. In particular, in experiment

CMsc01, the fault showed stable sliding at Pc = 10 MPa on the ascending part of

the pressure path, and at Pc below 50 MPa on the descending part. Moreover, stick-

slip induced stress drops in both samples showed an overall decrease in amplitude

with increasing accumulated slip on the fault. These observations taken together

hint at an impact of accumulated slip on fault behaviour. Marone and Scholz (1988)

showed that the presence of a layer of gouge in faults tend to stabilize slip. In our

experiments, gouge might be forming due to the frictional wear of the bare rock

surfaces hence, the fault would become more stable as more slip is accumulated

on the fault. Seismological observations revealed that, in general the top 10 km

of the crust is seimogenic and that the biggest earthquakes nucleate near to the

domain where sf = sflow (Scholz, 1988). Therefore by showing that faults can

be seismogenic in the localised-ductile transition, we showed that the extension of

the brittle-ductile transition to shallower depth implied by our criterion does not

contradict seismological observations and the widely accepted Sibson-Scholz fault

model (Sibson, 1983; Scholz, 1988).

5.5 Conclusion

We showed that smooth, unstable faults undergo a localised-ductile transition un-

der the same criteria as those discussed in the previous Chapter. Our results show

the impact of frictional strength on the depth of the transitional zone. While one

of the tested faults was too weak to meet the condition sf > sy necessary to ini-
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Figure 5.12: Plastic strain recorded in CMsc02 prior to fault reactivation as a function of

the ratio (sf �sy)/(sflow �sy). The triangles are pointing in the direction of

the confining pressure change.

tiate the transition in our experimental conditions, the other transitioned over the

pressure range Pc = 50-170 MPa. Therefore, our criterion fully captures the effect

of fault strength on the depth of the localised-ductile transition. Additionally, even

though the partitioning of strain after fault reactivation could not be accessed con-

fidently, the ductile strain preceding the reactivation of fault scales with the ratio

(sf �sy)/(sflow �sy). Overall, our experiments showed that the localised-ductile

transition does not affect the slip behaviour of faults which is dependent on fault

history and confining pressure only.



Chapter 6

Conclusions and perspectives

Throughout this manuscript, we have explored fault properties evolution with time

and depth by the means of experimental work on Carrara marble. Firstly, in Chap-

ter 2, we delved into the mechanical recovery of microcrack damage under hy-

drostatic conditions. We demonstrated that mechanical recovery is a fast acting

phenomenon and is expected to be the most prominent among post-seismic dam-

age recovery/healing processes, despite being by far the most unstudied. Our mi-

crostructural analysis of samples after recovery showed that it leads to consider-

able crack aperture reduction leading us to postulate that it is likely to accelerate

chemical healing therefore rendering damage at depth extremely short lived. Fur-

thermore, even close to the surface, mechanical recovery is responsible for ample,

rapid changes in elastic properties of rocks around faults. It is therefore necessary

to account for these changes in future models of post seismic deformation. Ad-

ditionally, in order to understand the micromechanics of mechanical recovery, we

developed two models. The first model, based on plastic creep of contact asperities

in the microcracks allowed us to fit our high pressure data satisfactorily. In a second

approach, we modelled the changes in geometry of cracks embedded in a linear-

viscous matrix and reported that it could lead to crack closure and therefore wave

speed recovery. We concluded that the rapid wave speeds changes around faults due

to the mechanical recovery of crack damage are most likely due to a combination

of viscous relaxation and the formation of contact asperities in the cracks.

In Chapter 3, we have explored the interactions of mechanical crack closure
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with time dependent creep and showed that rocks can simultaneously deform signif-

icantly and recover their elastic properties. While this observation had been reported

once before in the literature (in shale, Geng et al., 2018), it had been attributed to

chemical processes such as pressure solution. By contrast, we showed that this phe-

nomenon can occur in dry rocks at room temperature and can lead to considerable

elastic properties recovery. We report that the presence of a differential stress on the

recovering rocks does not hinder the process, but rather slightly delays it. We have

interpreted this result as a transition between brittle and plastic creep occurring at

a threshold creep strain rate. In the brittle creep regime, deformation is accommo-

dated through microcracking and recovery is not yet active (or not to a significant

scale), while in the plastic creep regime, plastic deformation of grains leads to the

relaxation of cracks and a recovery phenomenon akin to that seen to take place in

hydrostatic conditions.

Despite having been conducted on carbonate rocks only, our experimental

work epitomizes the importance and prevalence of mechanical recovery. This con-

siderable impact was largely unknown to this date. We have also shown that me-

chanical recovery is a permanent process, and so, even at room temperature. It is

therefore now important to study its potential effect on rock strength. To do so, we

could conduct rock deformation experiments on intact samples, deformed samples,

and deformed samples after a recovery hold time. This would allow for a clear com-

parison of the respective strength of these samples, and potentially conclude on the

impact of mechanical crack closure on rock strength.

Unexpectedly, our experiments on the recovery of rocks under triaxial condi-

tions brought forth a side-product phenomenon never observed before. We reported

in Chapter 3 that wave speeds in samples that had undergone mechanical recovery

were decreasing upon being unloaded. This observation was astonishing given it

was going against the classical vision of how wave speeds evolve in cracked rocks

under decreasing differential stress. We interpreted these exotic results as being

due to backsliding on mechanically recovered cracks, leading to the destruction of

contact asperities formed during the recovery process, which in turn, reduces the
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medium stiffness. But this interpretation conflicted with current models of crack

backsliding which almost all imply the existence of a stress "dead-band" where the

crack array is frictionally locked (e.g., David et al., 2012). In fact our results show

an instantaneous response of both wave speeds and dilatancy to the stress change.

Efforts have now to be made towards building a micromechanical model reconcil-

ing our data with backsliding theories. One lead we have started investigating is

combining crack reverse sliding delayed response with an instantaneous anelastic

response of the rock matrix. This anelastic response would be the source of back-

stress build-up in grains, potentially reopening cracks.

In Chapters 4 and 5 we have explored fault reactivation and the brittle-ductile

transition. We had in mind to answer the long standing question of bounding the

brittle-ductile transition precisely and by the means of experimental deformation

of faulted Carrara marble samples, we partly achieved this goal. By recording the

partitioning of strain between fault slip and matrix ductile deformation, we showed

that there exist a zone in the crust where both localised and ductile deformation

occur concurrently. We showed that this localised-ductile transitional regime ex-

tends over the pressure range where sy < sf < sflow. In this regime, upon load-

ing the rock, strain is initially accommodated through diffuse matrix deformation

until strain hardening eventually allows for the reactivation of the fault. More-

over, once the fault is reactivated, fault slip and bulk deformation occur simulta-

neously and the partitioning of strain between the two is proportional to the ratio

(sf�sy)/(sflow�sy). These new found bounds for the localised-ductile transition

extend the classical model of brittle-ductile transition (Brace and Kohlstedt, 1980,

e.g.) to much shallower depths, leading us to conclude that in the seismogenic layer

of the crust, substantial amounts of tectonic strain could be accommodated through

diffuse ductile deformation.

In order to expand our model further, we tested it against an extreme case

of fault geometry, namely smooth faults. We observed that smooth saw-cut faults

in Carrara marble had unusually low coefficients of friction. Due to these low

frictional strength, saw-cut samples underwent a localised-ductile transition over
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a much wider pressure range, centred around greater confining pressure than their

rougher counterparts. This result implies a deeper localised-ductile transition in the

case of weak faults. This result bears some importance for crustal rheology given

that large crustal faults are notoriously weak (Behr and Platt, 2014). Additionally,

we observed that strain partitioning in the case of unstable fault slip was much dif-

ferent than that of stable faults, behaving in a binary manner and oscillating between

purely ductile and purely frictional deformation. Similarly to stable faults, upon in-

creasing stress, strain was first accommodated in the matrix only and accompanied

by significant strain hardening. Upon reactivating the fault, unstable slip would take

over and accommodate the deformation in its entirety while simultaneously causing

significant stress drops. After the stick slip event, the fault would be locked again

and strain be accommodated in the matrix once more, until further stick slip would

occur. This complex behaviour might be more relevant to the seismic cycle than

stable sliding and showed how important strain hardening is to crustal rheology.

Our results helped establishing a new rheological model for the crust, and with

this new model, new questions arose. While in Chapter 5 the localised-ductile tran-

sition did not seem to impact the stability of fault slip to the first order, it would

be interesting to conduct a more thorough study of the link between fault stability

and localised-ductile rheology to ascertain our conclusion. For instance, we could

conduct a series of experiments where we would explore the localised-ductile tran-

sitional regime by deforming saw cut samples with controlled rugosity at single

pressure steps. This would allow us to isolate our results from the contribution of

fault history and therefore would permit to ascertain the existence (or not) of an im-

pact of the localised-ductile transition on fault stability. Finally, while our model is

in theory applicable to all types of rocks, it would be insightful to conduct a similar

study on other rock types relevant to the crust such as granite.

Finally, the main area of development for the work presented in this manuscript

would be the addition of temperature effects. Due to the capabilities of the machine

used in this manuscript, we could not conduct experiments at high temperature. In

spite of this limitation, our work demonstrated the great complexity of the brittle-
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ductile transition under the influence of pressure only. Nevertheless we know that

temperature plays a major role in the brittle-ductile by activating plastic deforma-

tion mechanisms such as dislocation glide (see Section 1.2.4). We expect temper-

ature to have an impact on mechanical crack closure as it would facilitate viscous

stress relaxation in the rock matrix and creep on contact asperities within cracks.

Hence, increased temperature would induce faster and greater wave speed recovery.

In the case of the localised-ductile transition, we expect temperature to lower the

rock yield and flow stresses and therefore impact the depth and breadth of the tran-

sitional regime (see Figure 6.1). While there exist already apparatuses equipped to

conduct rock deformation experiments at high temperature, using the methods de-

scribed in this manuscript at high temperature could represent a technical challenge.

In fact, both the piezoelectric sensors used to record wave speeds during the recov-

ery experiments and the strain gauges used to record strain partitioning in the fault

reactivation experiments cannot be used at high temperature. Consequently, explor-

ing the impact of temperature on both mechanical recovery and the localised-ductile

transition would necessitate the development of new sensor systems.
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Figure 6.1: Conceptual model of crustal strength extrapolated to higher temperature gradi-

ents. The bold line represents the strength profile and the grey area, possible

stress states in the crust. The black columns represent the mode of macroscopic

deformation and the microscale processes at play in the case of a lower tem-

perature gradient and the red columns those in the case of a higher temperature

gradient. Red arrows represent the impact of increased temperature on the dif-

ferent curves. Loc.—localised deformation; Distrib.—distributed deformation;
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Appendix A

Materials and methods

A.1 Triaxial apparatus

A.1.1 The triaxial press

The triaxial experiments presented in this manuscript were all conducted on the

conventional triaxial press located at the Rock and Ice Physics Laboratory at Uni-

versity College London. In this apparatus, the confining pressure is exerted within a

steel pressure vessel filled with silicon oil. The confining pressure is maintained by

an electro-mechanical pump, and is controlled with a precision of 0.4 MPa up to a

maximum pressure of 400 MPa. The apparatus ram is mounted on a crosshead that

can be moved independently and locked in position with clamps. Load is exerted

by a 150 tonnes servo-controlled hydraulic actuator and is recorded by an external

load cell. The load is transmitted to the samples through a self-compensated pis-

ton with two hemispherical seats ensuring an even, vertical loading of the sample.

Total shortening (i.e., sample and loading column) is recorded by a set of two ex-

ternal Linear Variable Differential Transformers. The output of the two transducers

is averaged and corrected for the elastic deformation of the loading column (bottom

plug and piston). The bottom plug of the pressure vessel is equipped with 5 ceramic

and two steal electrical leadthroughs that relay data from the inside to the outside of

the pressurized vessel. The electrical setup allows for the connection of 16 acoustic

sensors and up to four strain gauges.
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A.1.2 Sample assembly

Cylindrical rock samples were cored from quarried blocks using a 40 mm internal

diameter drill bit. The surfaces of the cores were cut and ground to a length of

100 mm and a high precision finish (±10 µm) to ensure parallelism of the loading

surfaces. After preparation, the rock cores were oven dried at 60�C for a duration

of at least 48h prior to testing.

In most experiments described in this manuscript, the rock cores were equipped

with two pairs of 350 W strain gauges (FCB-6-350-11 type, from Tokyo Sokki

Kenkyujo Co.). A picture of a fully equipped sample is shown figure A.1. The

two pairs were glued directly onto the rock using cyanoacrylate glue ("Superglue"),

after having gently ground and removed any grease from its surface. The position of

the gauges could be adapted to the experiment type but, unless specified otherwise,

they were placed in the standard arrangement shown Figure A.2. Wires were sol-

dered to the gauges and connected to the bottom plug leadthroughts. The resistance

variation of the strain gauges was recorded with a Wheatstone bridge and amplified

by 40 dB amplifiers (Figure A.3). The resistance of the wiring is neglected but is not

expected to have any impact on the measurement given the short distance of cable

used (approximately 10 cm per gauge). Thermal variations were also neglected as

the experiments were conducted in a climate controlled room.

The samples were isolated from the oil medium with a custom made Viton

rubber jacket. The jacket is 161 mm in height, 3 mm thick and has an internal

diameter of 40 mm. The jackets have 18 pre-cut holes either used to fit piezoelectric

sensors or to serve as passage for strain gauges wires. The holes are 5 mm in

diameters and are designed with two ridges on their inner surface, matching furrows

on the profile of the piezoelectric transducers aluminium inserts and acting as seals.

The samples were slid in the middle of the jacket and their top and bottom surfaces

smeered with graphite to reduce friction at the interface with the piston. In case

the sample was equipped with strain gauges, one of the jacket holes was used to

connect the gauges to the bottom plug leadthroughs. After passing the wires through

the opening, the hole was sealed with Loctite EA 9455 epoxy adhesive. A pore
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10 mm

Figure A.1: Carrara marble sample equipped with two strain gauges. The black dots rep-

resent the position of the piezoelectric sensors once the sample is slid in the

rubber jacket.

pressure plate designed to evenly spread the pore pressure fluid over the whole

sample surface, was then added on both surfaces of the sample. Two rubber cuffs

were then placed around the outside of the jacket to create the initial seal between

the jacket and the top and bottom end caps (Figure A.4). Finally, the sample was

put onto the bottom end cap, the whole assembly slid beneath the pressure vessel

and the top end cap inserted. A full diagram of the pressure vessel and the sample

assembly is shown Figure A.5.
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Figure A.2: A 1:1 scale, unfolded view of the position of the sensors on the surface of the

rock samples. The crossed circles represent holes in the jacket that are not

fitted with a piezoelectric sensor.

A.2 Wave speeds acquisition and computation

A.2.1 Ultrasonic data acquisition

In most experiments presented in this manuscript, the rubber jacket was equipped

with 14P and 2Sh piezoelectric transducers. The geometry of the piezoelectric trans-

ducer array allowed for the recording of the P wave speed along four independent

directions with respect to the direction of compression (28, 39, 58 and 90�) and one

radial Sh wave speed (90�, Figure A.2). The transducers were connected to a 40

dB pre-amplifier array which was in turn connected to a pulser and 50 MHz digital

oscilloscopes (Figure A.6).

The signal used during the wave speed surveys was generated by sending a
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Figure A.3: Diagram representing the strain gauges resistance measurement with a Wheat-

stone Bridge. R1, R2 and R3 are three resistors of known resistance and VS

is the power supply. By measuring the voltage in the bridge VG, one can ac-

cess the resistance variation of the strain gauge resistance RSG. The signal is

amplified with a 40 dB amplifier and is then converted to strain.
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Figure A.4: Full sample assembly before insertion in the pressure vessel.
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Figure A.5: Diagram of the sample assembly sitting in the triaxial vessel. Light blue

coloured area represented the pressurised zones of the vessel. Courtesy of

N. Hughes.
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Figure A.6: Schematic view of the ultrasonic data acquisition system used during the ex-

periments.

200 V, 50 MHz pulse to a transducer while the remaining transducers were acting

as receivers. The recorded signal was stacked 10 times to increase the signal to noise

ratio. A full velocity survey consisted in the pulsing of each transducer sequentially

through a multiplexer. With this system, the wave speed could be sampled up to

every minute during the experiments.

A.2.2 Wave speeds computation

Wave speed in the sample is computed by dividing the travel distance of the wave

by the duration of the travel for interesting ray-paths. The paths cutting through the

bulk of the sample are considered interesting, ignoring the rays along the surface or

not going deep enough in the sample. These interesting paths are specified in the

cross-correlation program.

The arrival times are computed by cross-correlating the waveforms recorded

during the experiment with a hand-picked "master" waveform (Figure A.7). The

arrival times for each pair of sensors in a "master" survey, usually the first of the

dataset, are manually picked to act as a reference. Then, in order to increase the

accuracy of the arrival time determination, the waveforms (master and tested) are

re-sampled. To do so, the waveforms are interpolated on a time vector with a time

step twice shorter than the raw waveforms using a spline method. After re-sampling,
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Figure A.7: The master waveform (A.) and the tested waveform (B.) before processing.

the two waveforms are cut with a window centred on the picked master arrival time.

To avoid any border effect, the cut waveforms are then multiplied with a Hann

window which attenuates the signal at the edges of the window and amplify it in

its centre (Figure A.8). The processed master and test waveforms are finally cross-

correlated and the arrival time is calculated by subtracting the d t corresponding to

the maximum of the correlation function to the master arrival time (Figure A.9).

The calculated arrival time then becomes the new master arrival time for the pair of

transducers and the process is started all over again for all pairs in the test survey

before moving on to the next survey in the dataset. Finally, the computed arrival

times are corrected for strain in the sample before calculating the wave speed.

As previously mentioned, the jacket geometry allows for four directions of

recording with respect to the compression axis therefore, the wave speed is av-

eraged for all paths with the same propagation angle. This velocity computation

method allows for a fine measurement of relative speed changes but has a relatively

poor accuracy in terms of absolute value (100 m/s). In fact, the absolute value is

dependant on the operator’s picking, which can be inaccurate, particularly for the

shortest ray-paths. On the other hand, the relative variation of velocity is accurate

to approximately 10 m/s.
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Figure A.9: The correlation function for the two prepared waveforms. The maximum of

the function corresponds to the time-shift d t between the two waveforms.





Appendix B

Crack density

B.1 Crack density computation

B.1.1 Definition of the crack density

Despite their relatively low porosity volume compared to spherical pores, cracks

have a great impact on the elastic properties of rocks. Representing quantitatively

the extent of cracking is therefore crucial when studying rocks and their proper-

ties. One effective medium, non-interactive approach to do so is that of Sayers and

Kachanov (1995) and summarized in Guéguen and Kachanov (2011). To describe

an array of N cracks, it introduces a second rank crack density tensor

a =
1
V Â

m=1
Na(m)3nmnm, (B.1)

and a fourth rank crack density tensor

b =
1
V Â

m=1
Na(m)3nmnmnmnm, (B.2)

where a and nm are respectively the radius and normal of the mth crack. If we

consider an elastically homogeneous volume element V , the overall strain ei j due to

some remote applied stress skl can be expressed as the sum of the matrix strain and

the extra strain due to the cracks

ei j = S0
i jklskl +Dei j, (B.3)
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where S0
i jkl are the components of the compliance tensor of the matrix. We can

write

Dei j = DSi jklskl, (B.4)

where DSi jkl is the extra compliance due to the presence of cracks. The effec-

tive compliance of the cracked medium is therefore

Si jkl = S0
i jkl +DSi jkl. (B.5)

The compliance tensor of a given crack Bi j can be expressed as the sum of

two terms, BN the normal compliance and BT the shear compliance of the crack

(Kachanov, 1992; Sayers and Kachanov, 1995),

Bi j = BNnin j +BT (di j �nin j). (B.6)

We can thus rewrite the crack density tensors Equations B.1 and B.2 in terms

of crack compliance

ai j =
1
V Â

m
Bm

T nm
i nm

j Sm (B.7)

bi jkl =
1
V Â

m
(Bm

N �Bm
T )n

m
i nm

j nm
k nm

l Sm, (B.8)

where Sm is the area of the mth crack. This gives

DSi jkl =
1
4
(dika jl +dila jk +d jkail +d jlaik)+bi jkl. (B.9)

In this case, when BN = BT for all cracks, the change in compliance is function

of ai j only. BN controls the opening of a crack subject to a normal stress, a reduction

of this term, as for example, in the case of fluid-filled cracks, leads to a situation

in which BN is no longer equal to BT and the fourth rank tensor can no longer be

neglected.

In the case of open penny-shaped cracks of radius a in a homogeneous medium

of Young’s modulus E0 and Poisson’s ratio n0, BN and BT are equal to
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BN =
16(1�n2

0 )a
3pE0

, (B.10)

and

BT =
32(1�n2

0 )a
3pE0(2�n0)

, (B.11)

consequently,

BN/BT = 1�n0/2. (B.12)

We consider now a population of cracks with transversely isotropic orientation

(a11 = a22). By inputting this in equation (B.9), we obtain the following stiffness

tensor

C11 +C12 = ((1/E0)+a33)/D, (B.13)

C11 �C12 = 1/((1+n0)/E0 +a11), (B.14)

C33 = ((1�n0)/E0 +a11)/D, (B.15)

C44 = 1/(2(1+n0)/E0 +a11 +a33), (B.16)

C13 =�(n0/E0)/D, (B.17)

C66 = 1/((2(1+n0)/E0 +2a11), (B.18)

where

D = (1/E0 +a33)((1�n0)/E0 +a11)�2(n0/E0)
2. (B.19)

We now normalise a11 and a33 to express the crack density as two scalar value

by defining

h =
32(1�n2

0 )

3E0(2�n0)
. (B.20)

Therefore we can express the vertical crack density as

rv =
a11 +a22

h
, (B.21)
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and the horizontal crack density

rh =
a33

h
. (B.22)

B.1.2 Crack density inversion

The phase velocity of elastic wave dependency on the incidence angle with respect

to the anisotropy of a transversely isotropic medium q is given in (Daley and Hron,

1977), and is

VP(q) = [(C11 sin2(q)+C33 cos2(q)+C44 +
p

M)/(2r)], (B.23)

and

VSh(q) = (C66 sin2(q)+C44 cos2(q))1/2/r, (B.24)

where

M = [(C11 �C44)sin2 q � (C33 �C44)cos2(q)]2 +[(C13 +C44 sin(2q)]2, (B.25)

and r is the density of the rock matrix assumed constant.

The inversion protocol is based on the one used by Brantut et al. (2014a,b);

Brantut (2015).

Synthetic vectors of possible values for rv and rh are generated and using

equations (B.21) and (B.22), we compute the crack density tensor components for

every pairs of rv and rh. Then, using Equations (B.13) to (B.18) , Equation (B.23)

and Equation (B.24), we compute synthetic wave velocities for all tested pairs of

crack densities. To select the correct pair of rv, rh, we minimize a misfit function

using a least absolute criterion (L1 norm)

p(rv,rh) = exp� |V (rv,rh)�Vobs|
s

, (B.26)

where p(rv,rh) is the probability, V (rv,rh) the synthetic velocities, Vobs the

recorded data and s the mean error on Vobs. We chose this method over the least

square root criterion for its higher robustness against outlying data points (Taran-

tola, 2005). The maximum value of p is found using a grid search algorithm in the
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Figure B.1: Value of p in the rv,rh parameter space.

rv,rh parameter space (Figure B.1). The mean error on the solution is the domain

for which p > 60% of pmax
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