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ABSTRACT

Frictional experimentgplay a key role in understandirgrthquakes geologthe
mechanics of faulhig and more in general rocks physic¥he heterogeneous, non
periodic, largescale and unpredictable nature of the seismic cycle makes its faithful
reproduction in the laboratorgomplicated, although scientific and technological
developments over the years have increasingly brought its experimental simulation closer
to its observation in nature, from a phenomenological point of view.

In thebrittle domainof the Earth's Upper Crysarthquaketendto occur between 5 and
15 km depth and at temperatures ranging feonbient toapproximately 400 °CThe
quartz, one of the main constituents of the Continental Crust, nstarial whose
mechanical and chemicplopertieshave been wiely investigated over timéespite
that, by reviewing the literaturd is noticeablea lack of systematifrictional experiments
underhydrothermal conditions, i.e. in the presence of hot and pressurized wétely(a
conditionfor seismogenic faulys

The present thesis aimingto investigatehe mechanical behavior of a quartz gouge
underhydrothermal conditions during the seismoycle, analyzing the different trends of
friction (shearstrength) and compactiorunder different pressure and temperature
conditions In particular aconsiderable attentionas been reserved toe healing the
mechanisnby which a fault gainshear s&ngthduring stationary (or quastationary)
contacti.e. the interseismic periodihe kealingis directly connected to the recurrence of
earthquakes in naturkeecause it controlhe elasticstrainenergy that faults store during
quiescenc@eriods subsequently released during the seismic event.

Thelow -to high velocity friction apparatufR0SA" (RotaryShear Apparatus), equipped
with the pressure vessel "THYDROS", installed in Roek Mechanicd_aboratory of the
Department of Geosciencesthe University of Paolva, was usedo investigate some
fundamentalpropertiesof the seismic cycleof quartz and the deformation processes
related | performed10 frictional experiments under hydrothermal daions, varying
temperature (from 23 °C to 400 °C), effective normal stres$/@@and20 MPa),pore
fluid pressure (6MPa and 36 MPa), and grain sizearfgular quartz, < 110em;
microquartz, < %m). During the experiments | performéi$lide-Hold-Slided (SHS)
tests.In SHS testssliding phases (slide) are alternated with increasing stationary contact
periods(hold). The hold times for each experiment vary from 10 to 10O s. This
proceduras usedto simulake the seismic cyclevith slip and interseismic perioddpon
reshear, | measured the restrengthening (healing) that the fault experienced during the
previous hold.

The analysis of experimental dafaowsthat:

1 The dynamic friction measured during the steady stad¢ foes not show
remarkably relationships witthé temperature. On th@ther handit seems to
increase as the grain size decreases, pointing out a greater difficulty in grinding
and comminuting the grains by the experimental fault.



1 Both the magnitudeq¢$ and the ratef) of healing increase d@ke temperature
increases. In particular, the healing rate at4Dexhibits a quadratic dependence
on the logarithm of hold time, while the data suggest a linear deperukneEen
the two parameterbelow thistemperaturethresiold. The same behavior is
observed for the friction dropy(arp) that is recorded after a heddide event.
These phenomena, after being compared witmpaction trends ansimilar
experiments carried out bseveralresearchersare attributed to the pressure
solutionmechanism

71 Different grain sizedo not seem to systematically affect healing measeings

1 In experiments where two SHS tests were perforriinedhealing of fault gouges
is much lower at high strainspmpared to lower strains.

1 The analysis of the SHS events, compardtdseof severapaperssuggests that
the healingof quartzobserved isncreasingly'nonDieterich-typed, particularly
at high temperaturé00°C). This validates théypothesis that deformation of
quartz, when assisted by hot and pressurized westeaiffected by different
deformation mechanisms compared to those relating doya deformation



RIASSUNTO

Gli esperimenti di attrito hanno un ruadbiave nella comprensione della geologia
dei terremoti, della meccanica delle faglie ed in generale della fisica dellelractdura
eterogenea, non periodica, a larga scala e poco prevedile del ciclo sismico rende
complicata la sudedele riproduzionen laboratorio, sebbene gli sviluppi scientifici e
tecnologici nel corso degli anni abbiasempre piu avvicinato la sua simulazione
sperimentale & sua osservazione in natura, dal punto di vista fenomenologico
Nel regime fragile dell&rostaSuperiore dellalerra, i terremoti di solito avvengono tra
5 e 15 km di profonditacea temperature che vanda quelle ambientaé circa400 °C.
Il quarzo, uno dei principali costituenti delxostaContinentale, &€ un matiale le cui
proprieta meccaniche e chimiche sono state ampiamente indagate. Nonostante cio,
revisionando la letteratura si nota una mancanza di esperimenti sistematici in condizioni
idrotermali, ossia in presenza di acqua calda e pressurizpatariecondiziorein cuisi
trovano le faglie sismogeniche
Léobiettivo principale di guesta tesi
un gouge di quarzo in condizioni idrotermali durante il ciclo sismico, analizzando i diversi
trend diattrito e compattazione, al variare delle condizioni di pressione, temperatura e
granulometria. In particolare, un dettaglio a cui ho dedicato notevole attenzione e
| héaling il meccanismaper cui una faglia guadagna resistenza durante i periodi di

contato stazionario (0 quastazionario).L 6 heal i ng - I processo

| 6accumul o di energia di d @dramte mpedodi ain e

L'apparato sperimentale "RoSfRotaryShear Apparatus), equipagtp con il pressure
vessel'HYDROS", installato neLaboratorio dMeccanica dellRocce deDipartimento

di Geoscienze delniversita di Padova mi ha permesso di indagare alcune
caratteristiche fondamentalie | |t®idrdtetnralenel quarzae dei processi deformativi

ad ess@ssociatiHo condottol0 esperimenti di attrito in condizioni idrotermali, variando

la temperatura (da 2& a 400°C), lo stress normale effettivo (da MPaa 20 MPa)la
pressione dei fluidida 6MPaa 36 MPa) e lgranulometrigquarzo angolare, < 1Hin;
microquarzo, < &m). Gli esperimenti sono stati condotti secondo una particolare tecnica
sperimentale, chiamata Slidold-Slide (SHS),fondamentaleper la simulazione del

el
quiescenza poi successivamente rilasciata con

a S

ciclo sismicoev al ut are | e car athiguesta psotedwdd fasidl el | 6 h e &

scivolamentoelativo delle due superfici di faglia (slide) sono alternate a crescenti periodi
di contatto stazionario (hold). I tempi di hold, per ogni esperimento, variano da 10 a
1000650000 s.

Léoanalisi deimosttagltei speri ment ali

T Léattrito di dueamte lo ctatonstasianari@as) aon evidenzia
particolari relazioni con la temperatura. Al contrario, sembra aumentare al
diminuire della granulometria, indice di una maggiore difficolta nella
macinazione dei grani da parte della faglia sperimentale.



1 Sia la magnitudocp$ che la velocita i) del |l 6healing aument an
della temperatura. N parti col ar e, l a velocit? del |
dipendenza quadratica dal logaritmo del tempo di hold, mentre al di sotto di questa
soglia i dati suggeriscono una dipendenza lin¢aBEeterich-typed). Lo stesso
comportamento si osserva per il drop di attrifpafop) che si registra dopo un
evento holeslide. Questfenomem, dopo esser statomparat con esperimenti
analoghi effettati da diversi ricercatorisono stati attribuitial meccanismadi
pressesoluzione (pressure solution).

1 La differente granulometria non sembra interessare in modo sistematico le misure
di healing.

1 Negli esperimenti in cui sono stati eseguiti due tes3H6 heal i ng del go
faglia &€ sensibilmente minori ad alti strain, rispetto a quello misurato a bassi strain.

T Léanalisi degli event istudbhbhPermesso diptabitirat a a o
c he | 6 heal idvgnta @regsessivamertténon-Dieterichtyped ,in
particolare ad alte temperatu@uestovalidal 6 i pot e s i che |l a def c

qguarzo, quando assistita da acqua calda e pressurizzata, € interessata da meccanismi
deformativi differenti rispetto a quelli relativi ad una deformaziomassenza di
fluidi.
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Chapter 1

Introduction

The investigation of mechanical properties of rocks has always been a relevant
research field igeology. The reason is that it represents a necessary key to understand
the processes of rock deformation, including nattaatl human inducedarthquakes.

Other applications deal with engineering, architecture, mining, oil ang gas industry and
CO; storaye.

Experimental laboratory rock mechanics studies started in the nineteenth century, with
tensile and compressive tests on various types of rocks and evolved until now through
technological developments of experimental apparatuses and techrif@iess@né&

Wong, 200h Nowadays, one of the most challenging applications of this topic regards
earthquake and fault mechanics: several types of machineries and experimental strategies
have been developed over the years, contributing to broaden thacdaigition on
mechanic/elastic properties of rocks and to understhaghysical laws governing
processesoccurring during the seismic cycle. The possibility of investigating rock
deformation at the microano-scale leads to the comprehension of praegasthe meter
-kilometer scale, i.e., from laboratory controlled to natural destructive earthquakes. The
upscaling problem has always been one of the hardest to overcome, since the quite simple
laboratory systemarenot completely representative of thege heterogeneity of natural
syst ems i nCrusti{by a éhamicalhphysical, mineralogical and geological
perspective).



Deformation of rocks can be roughly distinguished into two types: brittle and
ductile. The main difference between the twothe® mode by which the system
accommodates stresses. In a brittle environment fractures (Adcrmacre cracks)
dominate, localizing and concentrating deformation and stresses within few millimeters
often micrometersthick slip zones l(ockner et al., 192; Sibson, 2003 In a ductile
environment, materials use to flow within a wider shear zone, generally at lower strain
rates Sibson, 1977; Fagereng & Sibson, 2D1Brittleness and ductility are not material
properties, the same rock can behave in bodlyswdepending on the pressure and

temperature (H), strain rate and fluid pressure/chemistry conditions under which it

deforms.
Strength —
0 linear strength incohesive brittle fault rocks
increase with (breccias, gouge)
= 5 confining pressure
= (and depth) cohesive brittle fault rocks
Z dominant brittle (cataclasites and
% 10 | fracturing pseudotachylites)
a } |
15 |Brittle-ductile transitio :: } | EI: ductile shear zones with
l zone S i1 brittle overprint
~, I |
20 dominant :
ominan well-localised, narrow
o5 ﬁUCt'le ductile shear zones
ow :
exponential strength (mylonites)
30 decrease with temperature
and depth
( pth) wide ductile shear zones
3 (mylonites)
5

Figure 1.1 Brittle and ductile domains, with britteuctile transition highlighted. On the right,

geological framework exbits different fault zone§ he shematic model afrustalscale fault
zones was originally proposed by Sibson (1977), while the subdivision of brittle and ductile
regimes as function of depth was introduced by Scholz (1988). Diagram from Grigull (2011).

The brittleductile transition in the Continental Crust usually assumeddaaraat depth
between 120 km Sibson, 197)y/(Figure 1.1). At these conditions eladtiztional and
visco-plastic behaviors are energetically roughly equivalent, and different deformation
processes activate (e.g. diffusion creep, diffusive mass tradsiecation creep, crystal
plasticity) Scholz, 1988 Temperatures between 300 °C and 600 °C (for a typical
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geothermal gradient of 280 °C/km) likely induce plastic deformation of quartz and
feldspar, the main constituents of the Continental CBrstcé and Kohlstedt, 1980

In the presenthesis | investigated the deformation of quattiEemperatures ranging from

the purelybrittle domainto the brittleductile transition (i.e., up to 40C). Quartz is a

key constituent of the upper asdismogenic part of the Crust, and | studied its role in
controlling fault strength and strength recovery during the seismic cycle by performing
frictional experiments. In the following, | summarize the main concepts of brittle
deformation phenomenology @mleformation processes that will be used in the rest of

this thesis to interpret the results of the experiments.

1.1 Brittle failure

Brittle failure is defined as the pressutependent failure of rocks; it produces
fractures that may bedescribed as localized and discrete discontinuities within the
uppermost part of the Crustdgereng & Sibson, 20)10When a rock is stressed, it stores
elastic strain energy, deforming elastically until the achievement of a critical stress level
(vield point, C in Figure 1.2)n the elastic regime, the linear dependence between stress
and strain is described by tN@ung modulus(E in Figure 1.2 Below the yield point,
the rock can return to its original shape, recovering the elastic deformation that occurred.
Beyond the yield point, the material starts to deform plastically (stress and strain are no
more in directproportionality), and deformation becomes permanent, until the final

failure of the rock.

Elastic Plastic
Region Region
- C Fracture
—_ Point
) B
(2]
%]
2
n
A D
Strain ()

Figure 1.2 Brittle and plastic regimes.
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In a rockfluid system, it is possible to compute the effective stress acting on a surface,
using theT e r z apgntipled($922,1925)

G' i G (1.1)

Wherell (Pa) is the effective streds(Pa) is the total stress aRd (Pa) is the pore fluid
pressure.
Amontons law1699)defines the shear stress acting on the apparent contact area between

two stressed surfaces is defined as:
U =Hine (1.2)

Wherel Pa) is the shear stress{nh(Pa)isitheapplisde st at i
normal stress. From this, it mossible to describe the shear strength of a rock under
compression with a failure envelogddhr-Coulombcriterium) in the Mohr space:

U s+ Qf i+ Py)=Co+ & (1.3)

WhereU(Pa) is the shear stresyCPa) is the internal cohesio
static friction coefficientfl, (Pa) is the normal stresB, (Pa) is the pore fluid pressure

andUln' is the effective normal stress (Pa).

SubsequentlyMurrel-Griffith parabolic criterium was added to the failure envelope, to

describe how a material behaves while undergoing tensile strédse®l-Griffith

parabolic criterium is defined as:
37 ATo #0071 4T% = :
31 4T 4Te?=0 (1.4)

WhereU(Pa) is the shear streds,(Pa) represents the tensile strength of the material and

Un (Pa) is the applied normal stress. The relationsbtpeerilTo andCo is defined as:
Co=2To (1.5)

In addition, describing the stresses that produced a fracture with a certain angle in th
Mohr space, it is possible to get the orientation and the magnitude of principal stresses
(Figure 1.3).However, Amontons law and Mol@oulomb criterium describe only the

large scale strength of rocks (and more in general materials).

12
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Figure 1.3 Mohr-Coulomb and MurrelGriffith criteria describe the failure envelope in the
Mohr space. Angle 2d on the Mohr space corre
From Sibson & Scott (1998).

Byerlee (1978ollected the shear strength of a multitudeitiecent rocks undecrustal
normal stress conditions (Figure 1.4), finding out thatifoxr 200 MPa the shear stress
increasd approximately linearly with the normal strgssnsistently with the Amontons

| aw and Coul andlsilativety irdeperdent an nhg rock type and on the

roughness of the surfaces:

U = . 85 (1.6)
While overln > 200 MPa, the law changed as:

U = 0./ + 0. 6 (1.7)

These data aeonsistentvith the increase of stresstiidepth measured greep drilling
experimentof the Crust, as reported byownend and Zoback (2000, and references
therein. Alsoit is consistent witllypical Andersonian normal faujteshich dip around

30° from( orientation implying a Wl ratio of 0.60.85.
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MAXIMUM FRICTION

EXPLANATION
SYMBOL REFERENCE ROCK TYFE
s "2F Granite | froctured
v 26 Granite , ground surfoce
" 3 Limestone , Gabbro | Dunite
L - 5 Granite , ground surface
2 &6F Weber Sondstone | foulied
B . 65 Weber Sandsione | sow cul
- 9 Gronadiorile
2= 13 Gneiss and Mylonite
o |6 Plaster in joint of Quorlz Menzonife
o ' 20 Quartz Monzonite jointe
I ' 25 Westerly Granile , Chlorite  Serpenfinife,
Illite , Koolinite , Hallaysite ,
Montmorillonite, Vermiculite
3= 26 Granile
= 27 Kaolinite , Hallaysite | Illite

SHEAR STRESS, T [BARS x10°)

Montmarillonite , Vermiculite

[N NN T TN NN N |

g () B ) (1] 1l 12

14 15 Ia

NORMAL STRESS , 0, (BARS x10%)

Figure 1.4 The average internal friction (expressed as the slope of the best fit line)
is € ~ 0.60.85 for many rock types ovenustal stress conditions. From Byerlee (1978).

Al t hough

Byerl eebds |

aws

rema i

n

an

mportan:t

there are relevant exceptions to that. The most prominent one deals with clays and clay

rich rocks: a content in phyllosilicates higher thar3®86 showgvery low shear séngth,
ranging frome =~ 0.15 toe =~ 0.5 (Moore & Lockner, 2004; Ikari et al., 2009, Tesei et

al., 2019. This indicatesthat shear strength of rocks is dependent on mineralogical

assemblagehatis relevant in many major faults in which flaidck dteration driven by

deformation can be intens€dllettini et al., 2019

Also, even though bulk friction is relatively constant at the first order of magnitude, the

stability of fault slip (i.e. creep or seismic behavior) may depend on mar@tions of

friction and/or on a multitude of geological factors (see below).
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1.2 The seismic cycle

Tectonic faults in the uppe@rust are sulplanar heterogeneous surfaces where
deformation spanning from the kilometer down to the nanoscalemulates throughout
the entire fault historyTesei et al., 2014 Earthquakes occur along tectonic faults by
stick-slip motion Brace & Byerlee, 1966 because friction of faults is often unstable,
and slip occurs rapidly as a ruptatgnamically propagates over the fault surfegehlz,
2019. Crustal earthquakes concentrate at plate boundaries and sporadically within
continental intraplate regions, which may possess several structures inherited from former
tectonic episodesSfbson,2002. Reid (1910)ntroducedthe elastic rebound theorgf
the earthquake cycle. Tectonic plates are in relative motion at slip rates ranging from
millimeters to few centimeters per year, while slip is locked by friction in few fault
patches, which storgastic strain energy the surrounding rockg he earthquake is the
result of a sudden relaxation of elastic strains through rupture along a fault. After this
energy release, the fault locks again, resuming the elastic strain energy storing, and the
cycle repeats.
This loading cycle can be divided into four stageeseismiccoseismicpostseismiand
interseismiclnterseismideatures of the seismic cycle will be investigated in this thesis,
focusing on the strength recovery of rocks during statioc@amyact periodsquiescence

In nature, earthquakes quiescence periods range from Avemkbs to
tenghundreds or thousands of yearse3@quiescence periods are stationary contact
periods, over whichlthe wallrocks of a locked faudiccumulate elastistrain energy
coming from tectonidorces Assuming that a fault is storing elastic strain energy at a
constant rate, and that at time to the body is at position = 0 and with acceleratioii

= 0, the system could be describddédematicallyby harmonic oscillator equations:

¢ (t) «/m)i (kgriyu(t) 8 (1.

Whereu(t) (m) is the position as function of timgii(t) (m/s) is the gcond derivative of
the position as function of timecpu (Pa) is the dynamic stress drop (i.e. the maximum
difference between stress peak and kinematic stress when the oscillator mgkg¥)s

the mass of the oscillator aRdN/m) is the stiffness representing the elastic properties
of the body.
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The seimic cyclecan besimplified as aspringslider model (Figure 1.5). Consider a rigid
block attached to a linear spring. The block moves with velocity V when a constant
velocity Vo is imposed at the other end of the spring (equivalent to the load pointyeloc
used in the experiments), with a certain shear streii?a) at the contact surface. As

long as the block holds, the spring stretches, storing more and more elastic strain energy
(stress buildup When the elastic strain energy (converted in elastic force) overcomes the
frictional force, the block slides toward a new positigrand the cycle restarts. This
simple model explains what happens at kilometers depth, in large volumes of the Crust,
when a fault is stressed and is storing energy to then release it through seismic waves
(radiated energy) and slip (dissipated energy).

Vo

. A

K

T

Figure 1.5 Springslider model (single degree of freedom) to describe the
seismic cycle. From Ranjith & Rice (1999).

This particular motion, alternating loading under gisaatic conditions and sudden,
high-velocity slip is known astickslip behavior, and is considered phenomenologically
equivalent to the seismic cycle and earthquake slip along faulfsBrace & Bgrlee,

196 . The unstable, fast s|-slipmotiomoccusgthe he f sl
following condition Ruina, 1983Marone, 1998is satisfied:

k<k= nlbi a)/Dc (1.9)

Wherek (N/m) is the stiffness of the loading systeka,(N/m) is the critical stiffness
boundary (between stable and unstable sliding)Pa) is the fective normal stress,

b - ais the friction rate parameter abd (m) is the critical slip distances¢holz, 1988
(Figure 1.6). If the above condition is satisfied, frictional instabilities (unstable sliding)
occur because the fault weakening reieexceeds the rate of elastic unloadinggading

to a force imbalance (Figure 1.7). If the condition is not satisfied, it means that all the
energy provided to the system is used to produce slip in equilibrium condition (stable
sliding), and frictional sady state is reached (Figure 1.8).

16
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Figurel6e The parameter O0ad describes the direct e
point velocity increases from 6slowd to O6fastd
strengthstabilizes after a critical slip distance.[From Scuderi et al., 2017.

& Slip

Frictional force

Stick

>

Time
Figure 1.7. Ideal stickslip motion. Loading/unloading cycles are frequently
repeated if frictional instability occurs. From Naito et al. (2016).

Steady state

Slip hardening

Initial friction

Shear stress

Dss

Displacement

Figure 1.8.Stable sliding and steady state. From Scholz (2019).
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During stationary contact periods, there can be physloainical processes that
operate at the interface between the two stressed surfaces, altering the strength of the rock.
It is widely accepted thahe macroscopic quantification of the fault surface (apparent
contact area) does not correspond to the microscopic real contact area within a fault. In
fact, asperities (adhesive junctioBewden & Tabor, 1950exist on allsurfaces, and the
real contactrea is less than the apparent one (Figure By9this point of view, friction

can be described as the failure of contact asperities that constitute the real contact area.

e

Figure 1.9.Apparent contact area vs. real contact area. From Rudnytskyj (2018).

The relevance of fault healing, the main focus of this thesis, is connected to the recurrence
of earthquakes in nature and to the elastic strain energy released by earthquakeg. If durin
stationary contact periods healing processes occur along the fault surface, the seismic
cycle is altered. In fact, the seismic rupture of a fault almost invariably implies a drop in
fault strength due to mechanical damage and thermal weakening mech@nsni3i

Toro et al., 2011 and references thejeiThe healing of fault rocks is therefore
instrumental both to allow the rock to regain strength and to store new stiestienergy

that will be used for subsequent seismic ruptures. Also, if goagmain bonds increase

their strength with fault healing, the fault rocks can store more elastic strain energy than
before and (assuming a constant energy source due to tectonic forcing) so resulting in
longer quiescence periods and larger seismic evBragerich (1972)nvestigated how

and how much an experimental fault regained shear strength during stationary contact

periods, confirming the time dependence of fault strength (Figure 1.10).

18
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Figure 1.10. Timedependence of frictional healing measured by Dieterich (1972). Friction
coefficient increases linearly with increasing logarithm of hold time. From Dieterich (1972).

Frictional healing@$ is therefore defined as the shear strength recovery oft ataing
gui escence periods. It i s measured as the

the dynamic friction measured during steatigte shearing until reshear.
PE  peak- &ss (1.10)

Wheregpeaxis the friction peak measured at reshear after a stationary contact period, and

€ssis the steady state friction coefficient bef the quiescence (Figure 1.11).

HEALING
0.78 . 1

0.775
0.77
0.765
0.76

0.755

Friction coefficient (p)

0.75

”S.\‘

0.745 . .
Stress relaxation during v

0.74 | stationary contact period

0.735 : : ;
52 52.1 522 52.3 52.4 D245 52.6 52.7 52.8

Slip (mm)

Figure 1.11 The experimental fault, having been locked for a certain stationary contact time,
regains shear strength when it is slipped again.
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This type of strength recoverthat follows a linear increase usog(stationary contact

time)h a s

been Ditercviyped a el i ng.

During

stati

has been demonstrated how real contact area insmglséncreasing time and effective

normal stressOieterich and Kilgore, 1994 probably réated to timedependent plastic

flow in the area of the contact points, which increases the area of the junBoovef

& Tabor, 1964. Besidethe plastic increase of frictional contact area, other healing

mechanisms exisBos & Spiers (2002summarized anéxplained the features of all

possible fault healing phenomena observable at-goagnain contacts (Figure 1.12).

Name Driving force Characteristics
1. "Dieterich"- - 7?7 - D_=10-100 pm
healing - Strength increases
linearly with log (t)
2. Pressure solution
Effective - t-dependent
- normal stress - T-dependent
‘- at contact - Compaction
- Stress relaxation
during hold
3. Fluid-assisted _ Interfacial
neck growth | energy
. reduction
: - t-dependent
- T-dependent
- - No compaction, no
. Solute stress relaxation
4. Precipitation/ - supersaturation - can occur at
cementation :{ inadvecting 0,=0
i} pore fluid

Figure 1.12 Different healing mechanisms can operate at gtaigrain contacts. Each

mechanism has mechanigaicrostructural charactestic features. From Bos & Spiers (2002).

In particular, many authord@katani & Scholz, 2004; Karner et al., 19%hen

etal,201%0bser ved

one. I n

a

noreDeeterjich-typeh i e déal i ng,

heal i ng

appeared

t o

presence of liquid water, and enhanced by tempergfigere 1.13)Nakatani & Scholz

(2004)reported the mechanical features of the eDietericht y pheadingthey were

investigating, findingoutits dependence on temperature, on the presence of water and on

its state. In particular, they focused on the study of pressure solution, a deformation

mechanism whose kinetics was describedbgter (1976)
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Pressure solution is a deformation mechanism based on sehatisfer in which
dissolution of a mineral phase occurs at stressed-grgjmin contacts into an aqueous

pore fluid, followed by dfusion and reprecipitation in relatively legtressed regions.
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s Lo hold #5

hold #3 = i, = .08
hold #2 " Ty = KT T, =i, - (L08R
05 — T, = . - 0.0, T :'?"‘ ‘ho'm"“" by = 3.0 hours fe2tnows
4 = 1.0 hours L] ours

04 —

03 —

Shear Stress / Effective Normal Stress

(a) 200°C, vapor H,O (P, = 0.7 MPa)

02

| T | | | I I I |
o 1 2 3 4 5 & ¥ -3 9 10 1 12

Shear Displacement (mm)

08

-

0.6 —

. hold #4 :
hold #2 el = .- 005, hald #5

Shear Stress / Effective Normal Stress

05 — o T, (- 009 a L T, = (L - 0.09)
= ij. - 0.08)c .. 1 1
ey hour; T %, = 71 haurs b Lhout f=21hows
hold #1 >
Ty = e = DA er
04 - t, = 23 hours
| hold #0
°3 ¥, =. 0300, g z
1, = 29 haurs (b) 200°C, liquid H,O (P, = 2.5 MPa)
{24 howrs at 200°C) 2 ’
0.2
I I | I | | I 1 I I I l
o 1 2 3 4 5 [ 7 8 ] 10 1 12

Shear Displacement (mm)

Figure 1.13.Different healing behavior in the presence of different water phases, suggestive of
different operating healing mechanism. From Nakatani & Scholz (2004).

This diffusive massransfer process is thought to be responsible for further bonding of
grains at the stressed interface, by two means:
1. Indentation and interlocking of grains accompanied by porosity reduction.
2. Cementation of the neck of contact asperities with the matessdlded from
high stress regions.
Both processes have the potential to contribute to a substantial increase of fault shear
strength during stationary contact times.
Given the tremendous importance of the laboratory experimental approach (and
its relevane for the interpretation of natural data) to the study of rock mechanics, this

thesis focuses on performing a systematic series of laboratory frictional experiments, to
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study in detail the process of fault healing with a standard material: quartz gouges.

| studied the deformation of quartz gouges under hydrothermal conditions, simulating the
behavior of this importardrustal mineral in faults across the brittliactile transition.

The main goal of my experiments was to understand how the mechanicalobetiavi
simulated fault gouge is affected by variasom temperature (from 23 °C to 400 °C),
effective normal stress (from 10 MPa to 20 MPa), pore fluid pressure (from 6 MPa to 36
MPa) and grain size (F110 heterometric angular quartz and microquartzfifferent

series of experiments were performed: the first, on F110 heterometric quartz gouges
(<1120 em), changing temperature and stresse
For the second experimental series, | repeated the same experiments ot geriés,

just with this thinner grain size.

During each experiment, | performed one or two Shitdd-Slide tests (SHS), an
experimental procedure designed to investigate the healing mechanism that operates
under the differentH conditions.
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Chapter 2

Methods

2.1 Description of the experimental apparatus

The frictional experiments in this
thesis were performed exploiting the Low -
High-Velocity Rotary Shear Apparatu
ARoSAO0O (Figure 2.1)
Mechanics Laboratory of theepartment of

h e Roc k

Geosciences in the University of Pado
(UNIPD), equipped with the hydrotherme
pressure vessel (HYDROS). RoS/
HYDROS has been designed by Prc
Shimamoto (Bejing, Institute of Geology
China Earthquake Administratifin

RoSAHYDROS can perform frictional tests

in rotary/torsion  configuration unde  Figure 2.1 Photoof ROSAHYDROS
apparatus installed at UNIPD. Front view

different RT conditions An axial load, used

to apply normal stress to experimental fault surfaces, up to 12 kN.g@gfesdure within

the vessel, used to apply confinement and fluid saturation to the samples, up to 70 MPa.
Slip velocity, applied to the laboratory faults can range from 10 mm/year (sloivaslilp

creep velocity) to 1.5 m/s (coseismic velocity) and esp#¢ in the presence of
pressurized fluids.

The apparatus consists of a load frame containing a 20 kN Bellofram cylinder (air
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actuator) that applies the axial (vertical) load. The top of the frame contains 11 kW
servomotor with a torque capability of 70ri\that applies torsion to the samples via a
gearbelt systemWithin the frame there is an axial column that transmits axial load and
torque to the sample and to the loading frame. The axial column is attached to a cantilever
type torque gauge, an axial force gauge and an axial displacement transducer (used to
measue axial shortening of the column and correlates with the vertical compaction of the
sample). The specimen chamber is located along the axial column above the Bellofram
cylinder and set in the main press. A ball bearing ring is placed between the agral pist
and the axial force gauge so a torque can be supported only by the torque gauge.
The sample and sample holders are inserted along the axial column in a cylindrical
configuration (see below for further details).

HYDROS is a hydrothermal pressure vesaalde of that is mounted to envelop
the central part of the axial column, around the sample to apply a water fluid pressure in
and around the sample. Fluids can be heated up with an external furnace. HYDROS
consists of pressure vessgiirf the Figure 2.2)upper and lower glands to seal pressure,
upper and lower nuts to hold the glands into the pressure vessel, the uppegristtary
and the lower stationary piston. The pressure vessel, the two glands, and the two nuts are
made of Inconel 625 (temperaturesistant higistrength alloy)The pore fluid pressure
is controlled by an ISCO syringe purtan the right in Figure 2.3yhich is connected to
the top part the upper gland. The top and bottom parts of the upper and lower pistons have
hexagonal shapef¥hose are inserted into hexagonal holes in a rotary piston and in the
lower header block to prevent rotations of the pistons. Water pressure in the vessel acts
as pore pressure when no jacket is used for specimens, as in most rotary shear low to
high-veloaty friction experiments. The lower stationary piston is connected to the lower
header block which has ports to a pressure transducer, to an externplgssiee
generating system and to four thermocoupld®e pressure vessel is equipped with an
externd split furnace with coiled Kanthal AF, with a ceramic casing made of cordierite
to set up the heating wire in grooves, covered with powdery insulator (MICROTHERM)
with a thermal conductivity as low as that of dihis insulatorkeeps the temperature at
the outside the furnace below-60 °C without cooling the pressure vessel when the
specimen temperature is around 500 °C. On the other handg®are made of rubber
and must be protected from high temperatures, and glands witig©are cooled by
circulating cooling water coming from a chilleor( the left inFigure 2.1) providing a

cooling temperature of 156 °C and so preventing the jamming of the machine.
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Rotary shaft ————} Pore pressure transducer
Upper gland —---#! " s Pore fluid inlet
Heater i - Upper nut
5 :\t\_\" =
: Specimen
o i
el _j’ /
i ,_/,, =t i | .
Insulator =il | {115 ’ -——Lower nut
il [ —
Lower gland ----= f*_\_____wl_ower piston
m ! J_..Thermocouple
L

Figure 2.2 The Low to Higkvelocity rotary shear apparatus, equipped withdedicated
hydrothermal vessel (modified from Ma et al., 2044)1) servomotor, 2) gear and belt system,

3) rotary encoder and potentiometer, 4) rotary shaft, 5) hydrothermal pressure vessel, 6) metal
frame, 7) axial loading column, 8) cantilevigppe taque gauge, 9) liner variable differential
transducer, 10) thrust bearing, 11) axial force gauge, 12) air actuajorThe sketch of the
hydrothermal vessél H Y D R @ighdhe main parts indicated in the diagram.

The pore fluid can reachpaessure up to 70 MPa and a temperature of approximately 500
°C (from subcritical to supercritical conditions)

The RoSA apparatus and the HYDROS vessel are both controlled and monitored via the
Main Control Unit and control PC (Figuge3). The main combl unit allows the stop and

the restart of the rotation of the torque motor and shows the live measurements of vertical
load, shear torque, angle of rotation, tachometer (number of rotations per minute), vertical
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displacement and pulse counter.

The custn softwarleO0 MIOEDX Ky owa El ectronic I r
https://www.kyowaei.com/eng/support/download/software_program/licend€@dxs

oft 01.00_02_eng.html), was used to monitor and control the ma¢hqee 2.3)

All the experiments were conducted qoartz gouges. For all the experiments, the

samples were put into a cylindrical stainless steel sample holder of 28 mm outer diameter

and 10 mm internal diameter (for a shearing surface of {L68™?) and jacketed with

Nickel-and Aluminummade rings, t@void failure problems during the tests. Grooved

sample holder was used to avoid localization of slip in the g&8tnterface.

Figure23. Cust om SelfOtOwdadr evhfiBHEX moni t oring a frict

ATTENZIONE
ALLE MANI

) ) Figure 2.5 Focus on the lower part
Figure 2.4 Disassembled pressure ves ROSA Eront view.
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2.2 Experimental strategy and procedure

| performed 10 frictional experiments to study the frictional healing of quartz
gouges at different temperatures and with increasing fault cumulative slip/shear strain.
The experiments are subdivided into two distinct series.
The first seriexomprises 6 tests conducted on F110 heterometric angular quaké (<1
pum), while second series comprises 4 tests conducted on microggar{am), to
investigate the effect of the grain size on the mechanical behavior of the quartz gouges.
During each expément, | performed Slidéiold-Slide (SHS hereinafter) tests, in which
stationary contact periods (Hold) alternate with sliding periods (Slide), to understand how
and how much a laboratory fault regain shear strength during stationary contact periods
(healng).
The purpose of this thesis was to investigate the mechanical properties of a simulated
fault gouge under hydrothermal conditiombe selected values of effective normal stress
and temperature for each experiment were calculated in order to mamatemn liquid
conditions, except for two fiend membero

supercritical conditions (Figure®).

Superecritical
Critical point | fluid
213 Frenseinlssial S s s

I
I
E :
© 1
~— }
© :
7] I
75} |
01,0 P ST !
o I
|
- :
Triple point I
1
L |
] ! |

0 100 374

Temperature (°C)

Figure 2.6. Phase diagram of water.
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Table 1summarize the experimental serishowingthe main experimentaonditions

Sample Sample Fluid Effective norma Sliding

Sample type weight (g) | thickness (mm) Temperature (°C Pressure (MPa] stress (MPa) | velocity (um/s)

F110 heterometric

R 356 3.4 3.5 200 36 10 10

angular quartz

F110 heterometrig

R 354 angular quartz 1.2 1.3 200 6 20 10
F110 heterometrig

R 361 angular quartz 1.2 1.2 100 6 20 10

R 364 110 heterometric 1.1 400 36 10 10

angular quartz

F110 heterometric

R 366 1.2 1.4 23 36 10 10

angular quartz

F110 heterometric

R 383 angular quartz 1.2 14 23 36 10 10
R36§ Microguartz 1.2 1.2 200 36 10 10
R370  Microguartz 1.2 13 23 36 10 10
R372 Microquartz 1.4 15 100 36 10 10
R 374  Microquartz 15 1.6 400 36 10 10

Table 1 Experimental conditions are shown for each experiment.

Experimental procedure

The used experimental procedamnsists in:

1. Sample preparation and apparatus assembly.

Except for the experiment R 356, | used-1.2 g of quartz powder for every
experiment,resultingin a samplethickness ranging from 1.1 to 1.6 mm. The
samples were put into a cylindrical stainless steel sample holder of 28 mm outer
diameter and 10 mm iatnal diameter (for a shearing surface of 0t567 m?)

and jacketed with Nickednd Aluminummade rings, to avoid failure problems
duringshearing Grooved sample holder was used to avoid localization of slip in
the quartzSS interfaceOnce the sampledfder was ready to be installed in the
apparatus, @ings of the upper and lower gland were smoothed with a silicon
based grease that act as a lubricant (with high thermal and chemical stability) to
avoid jamming of the components. Subsequently, the mdwsaraple holder with

the lower nut and the lower header block attached was assembled within the tilted
vessel.Then, the upper gland was inserted through the upper column and all the

sensors were connected to the machine, ready to the start of the erperime
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2. Achievement of the experimental conditioftuid pressure, axial load and
temperatureand waita standard amount of timfer chemical equilibrium(2

hours)

To achieve the desired experimental conditions in terms of effective normal stress
(Gn9, the axial load was progressively increased using the air actuator, while the
pore fluid pressurel,) was progressively increased too, using the ISCO syringe
pump. Once thé.6 P, conditions needed were reached, the temperafjineds
increased by the &rnal furnace.

| used to wait around 2 hours to let the sample and the fluid reach a chemical
equilibrium, which is function of the saturation degree S in the quaater
system, proposed Wyimstedt & Barnes (1980Karner et al. (1997)

S=1i ekt (2.1)
Where ki=(A/M iMo/Ao 2 LSIOw Tk (2.2)

A is the interfacial aredyl is the mass of the watelk]o/Ao is the extent of a
standard system,is the activity coefficient ankis the precipitation constant.

The combination of the equation above with the equilibrium constant and
Arrhenius relations gives an expression that describes the temperature dependence

of the time taken to reach equilibrium:
t = 5tc = 5e ®¥RD {10 faH,Si0y] * F(M/A) (2.3)

For Karner et al. {997), thefrictional propertiesneasured from SHS tesiader
hydrothermal coditionsmay depenan theconcentratiorof silica.

3. Rurrin (initial shear).

A controlled rotation velocity was imposed to the apparatus through the main
control unit, corresponding to an effective sliding velocity of the experimental
fault of 10 um/s, calculad in an arbitrary radius which is around 2/3 of the
sample holder external radius.

The experiment starts with an initial fim ranging from 15mmto 50 mm, at a

slip rate of 10 pum/s, to reach steady state in terms of shear torque and, if possible,
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compaction. This phase is characterized by a slip hardeanty compacting
behavior Once the elastic strain energy provided by the apparatus is
counterbalanced by the energy used in the sample to generate heat, create new

cracks antbr propagate old ones, tiseeady state is reached.

. SHS test.

After the initial runin, the SHS test is performed including a series-@frim

slides alternating with increasing hold time (usually from 10 to about 50000 s).
During the hold, the rotation of the column is halted &me stress starts to
spontaneously relaxeaching, values During the reshear phase (slide), the data
reveal how the experimental fault regain shear strength during stationary contact
periods, under the-IP conditions investigated. Healing valuegsg are computed

as:
P &= Epeak- Ess (2.4)

Whereegpeakis the friction peak that follow a reshear after a stationary contact
period, anckss is the dynamic friction coefficient when the sample was sliding
beforebeing halted (Figure 2).

The healing rate paramet) (vas computed using this equation:

&= bllog(thold). (2.5)

. High-strain slide and second SHS stage.

After the last long hold, in experiments R 364, R 366, R 370, R 372 and R 374 |
used tgperform a new 1415 mm slide and then repeat the SHS test, to investigate
the effect of the shear strain on the mechanical response of the gouge.

Usually, the first SHS test was performed when the sample experienced a
cumulative slip ranging from 15 to 30m, while the second SHS test after 50 to

90 mm of slip(Figure2.8).
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FRICTION vs. TIME | R 359
Quartz gouge | T=200°C Pp=6 MPa o'=20 MPa
I I

0.69

0.685 - “\ .

0.68 Hpeak
0.675+ X, -
0.67 F -

0.665

0.66

Friction coefficient (p)

o

o)

9

I3
T

0.65

1000 s hold |
0.64

1 1 |
2000 2500 3000 3500 4000 4500
Time (s)

0.645 [

Figure 2.7. Typical SlideHold-Slide (SHS}eriesis shown. The shear stress relaxes duril
stationary contact periods, to then regain strength when reshear occurs.

FRICTION, COMPACTION vs. SLIP | R 366
Quartz gouge | T=23°C Pp=36 MPa ¢'=10 MPa
T T T

0.65 —1 . 0.22
40.21
0.64 -
0.2
—_— o
So63) 2° SHS test lo1e 2
(=
8 E
L 1° SHS test 1018 ¢
062 3
. 4 0.17 g
'-3 [=]
2 0.61 0.16 ©
| '
0.15
0.6
0.14
0.59 —! : ' ' : : 0.13
50 55 60 65 70 75
Slip (mm)

Figure 2.8. Experiment R 366. Two different SHS tests were conducted: the first afte
cumulative slip of 50 mm ad the secatfigr a cumulative slipf 70 mm. In the middle, 10 r
slip to investigate different shear strain conditions of the sample.
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6. Extraction of the sample from the apparatus.

At the end of every experiment, the samples were gently removed from the sample
holder and dried off, trying to preserve them for microstructural/microanalytical
analysis.

Unfortunately, as reported by many authors, the quartz gouge is very difficult to
be removed correctly without breaking and/or disaggregatifkgtire 29).

Figure 2.9 Quartz gouge sampkxtracted from RoSA.
Sample holderdés grooves are Vvisib

2.3 Data cleaning and analysis

To perform data cl| e aMailabdg, aan dp raongarlaynsmisn gl
numerical computing environment widely used in scientific and engineering domains.

Output data from the machine were:

- Time (s)
- Vertical load (kN)

- Vertical displacement (mm)
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- Shear torque (Kim)

- Upper fluid pressure (MPa)
- Lower fluid pressure (MPa)
- Fluid temperature (°C)

- Furnace temperature (°C)
- Room temperature (°C)

- Angle (°)

- Tachometer (rpm)

- Pulse counter.

| had to convert shear torque (kN) and angle (°) measurements into geological oriented
data, since | was interested in analyzing the friction coefficenaigd the slip (mm)
occurred during the experiments.

Regarding the shear torque (kN), these were the calculations to obtain the friction

coefficient €):

T=Fsfr + Fs= —, (2.6)

WhereT (Ntm) is the shear torqué&s (N)is the shear force applied from the machine to

the sample and(m) is the radius of the sample holder.

U= — + Fs= IQ, (2.7)
WhereUis the shear stress (Pa) ah¢m?) is the sliding area of the sample.

t —=UfA ¢+ U= - (2.8)

The shear torque value was then integrated along the radius of the sample, knowing that

the internal radius is 5 mm, while the external one was 14 mm:

Since A =i’z ¢ 1tQi (2.9)

,r

; Otz L f0i=— i tQi=— i (2.10)

>v >v
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Then, thdriction coefficient was obtained by normalizing the shear stress by the effective
normal stress applied:

.= (2.11)

5

Regarding the anglaeasurements), slip (mm) depends on the position along the radius
of the circular sample.

| calculated the equivalent velocity for one revolution per minute (froHirose &
Shimamoto, 2005

Ve = , (212)

WhereR is the number of revolutions per minute (rpm)s the internal radius and is

the outer radius.

Given this, the equivalent displacement ((slip (mm)) ea@sputed through this relation:
de:Ve tt (213)

Once the friction coefficient and slip values were computed, | cleaned the data by
smoothing them using thfie s m odoatt fanction onMatlab. Precisely, | used moving

mean method in which a window of 31 points
rate of the experiments was 10 Hz.

For each experiment, | determined the reference value of the friejidoy (themean

value within selected data intervals where the friction was stable and constant throughout

a relatively long period (e.g. during steady state sliding rbeg@eenl0-25 mm). The

associated uncertainty has been determined by the standard deviatitime of

measurements with respect to the mean value,ge=g0.65 + 0.002.
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Chapter 3

Results

3.1 Mechanical data

In the following, Ishow the mechanical results of all therformedexperiments,
in terms of friction coefficienty), compaction (mm) and slip (mnfor each experiment,
the first graph gives an overview of the friction and compaction evoltitromnghout the
test. The second graph is dedicated to zoom in to the SHS tests that have been used to
evaluate the frictional héag (p® Qg oQuartZiigougé on t hare figur e
abbreviations of AF110 HeMger omet hiec abbhgelvac

A Mi c r o cAudiacussianf.the resultgill be found in the following chapter.
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Experiment R 356

FRICTION, COMPACTION vs. SLIP | R 356
Quartz gouge | T=200°C Pp=36 MPa o'=10 MPa
T T I
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Figure 3.1 General overview ofig@eriment R 356. Frictiofp) and compactiofmm)plotted
against slip(mm)

FRICTION, COMPACTION vs. SLIP | R 356
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Figure 3.2. Experiment R 35&@o0om on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 359

FRICTION, COMPACTION vs. SLIP | R 359
Quartz gouge | T=200°C Pp=6 MPa 0¢'=20 MPa
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Figure 3.3. General overview ofsg@eriment R 38. Friction (L) and compactioffmm)plotted

against slip(mm)
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Figure 34. Experiment R 3 Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 361

FRICTION,COMPACTION vs. SLIP | R 361
Quartz gouge | T=100°C Pp=6 MPa g'=20 MPa
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Figure 35. General overview ofsg@eriment R 81. Friction (1) and compactioffmm)plotted
against slip(mm)
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Figure 3.6. Experiment R@&L Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 364

Friction coefficient (u)
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FRICTION,COMPACTION vs. SLIP | R 364
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Figure 3.7. General overview ofig@eriment R 84. Friction (1) and compactiofmm)plotted

Friction coefficient (p)

against slip(mm)
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Figure 3.8. Experiment R&. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 366
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Figure 3.9. General overview ofg@eriment R 86. Friction () and compactiofmm)plotted
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Figure 3.10. Experiment R&6. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 383

FRICTION, COMPACTION vs. SLIP | R 383
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Figure 3.11. General overview ofsg@eriment R 83. Friction (L) and compactiorimm)plotted
against slip(mm)
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Figure 3.12. Experiment R&3. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 368
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Figure 3.13. General overview ofsg@eriment R 88. Friction (L) and compactiorimm)plotted

against slip(mm)
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Figure 3.14. Experiment R&8. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 370

FRICTION, COMPACTION vs. SLIP | R 370
Microquartz | T=23°C Pp=36 MPa ¢'=10 MPa
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Figure 3.15. General overview ofsgeriment R 30. Friction (L) and compactiorfmm)plotted
against slip(mm)
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Figure 3.16. Experiment RB0. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 372

FRICTION, COMPACTION vs. SLIP | R 372
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Figure 3.17. General overview ofsg@eriment R 32. Friction (L) and compactiorfmm)plotted
against slip(mm)
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Figure 3.18. Experiment R&. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
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Experiment R 374

FRICTION, COMPACTION vs. SLIP | R 374
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Figure 3.19. General overview ofsg@eriment R 34. Friction (L) and compactiorfmm)plotted
against slip(mm)
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Figure 3.20. Experiment R B4. Zoom on the SHS test.
Friction (1) and compactiofmm)plotted against sligmm)
The inset showstickslip behavior during the first SHS test.
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3.2 Description of mechanical data
Experiment R 356

Experiment R 356 was the first to be performed, the only one with sample thickness over
1.6 mm (3.5 mm precisely) and with sample weight over 1.5 g (@dasely). tis noted

that the steady state shear strength0.64+ 0.001was attained long before compaction
stabilized, between 16 and 17 mm slip.

Looking at the shear strength of the gouge along the whole experiment, it seems that the
SHS test did not affect too much the mechanical behavior of the sample, which showed
quite constant frictional strengthjat- 0.64+ 0.001

Focusing on the SHS teseqiormed from 24 to 29 mm slip, it is noted that the sample
did not gain almost any shear strength during hold times, maintainin@.64+ 0.001

for the entire tesCompaction values increased constantly until the last$lmld event,

when the sampldilated.

During the SHS series, the gouge compacted of 0.012 mm, i.e. 7.2% of the total

compaction.

Experiment R 359

Experiment R 359 was performed in the same conditions as experiment R 356, changing

only pore fluid pressure and effective normal stressxperiment R 356 the ratio

P/ 00 was 3.6, while inpetlpwasmend8. R 359 the
The plot (Figure 3.3) starts at a slip value of 5 mm due to issues with the angle
measurements provided by the apparatus. Fortunatelyhapigened during the initial

rurtin phase and not during a SHS series.

Also in this case the sample was still slightly compacting when the SHS test started, while

the frictional behavior had already reached its steady stpte 8t66+ 0.0018 after 10

mm slip from the start of the experiment.

Looking at the SHS test, i1tds noted how the
oG 0.01+ 0.0026 Compaction values increased until 24 mm slip and then decreased

until

27.6 mm slip, to then regain the compactieached before during a single helatle

event (1000 s hold)/Vhile puss was the same before and after the SHS test, during the

series the gouge compacted of 0.006 m, corresponding to 4.7% of the total compaction.
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Experiment R 361

Also in this experiment, as in the experiments R 356 and R 359, it seems that the sample
was still compacting when the SHS test started. Frictional steady state was reached after

9 mm slip and maintained constant through all the experimgnt 8t65+ 0.0014

Focusing on the SHS test, it does-glidet show
event produced a weakening of the sample, followed by a huge hardening in
correspondence of the 3500 s helile event.

Subsequent holtdlide events produce botleakening and hardening behaviors, showing
anotdefined trend. Compaction seems to increase with increasing hold time.

During the SHS series, the gouge compacted of 0.006 mm, corresponding to 3.8% of the

total compaction.

Experiment R 364

Experiment R 84 was the first to experience a double SHS series, to show the
dependence on the shear strain of the mechanical behavior of the Gosgs. one of

the two cases (the other is experiment R 374) in which circulating water is under
supercritical conditios.] t 6 s cl ear |l y not i c eiaghdse(d0mmat desp
when the SHS test started the gouge was still compacting, and friction coefficient was
still increasing, so steady state was not reached ahaé sliding aty ~ 0.64 + 0.002.

The two straight lines from 50 to 59 mm are due to issues during acquisition of angle
data. Fortunately, this occurred during the 10 mm long reshear and not during a SHS test.
Looking at the SHS series, the first one produced a strengthening in dynamic shear
strength of 16%, while the second one produced a weakening in dynamic shear strength
of about 0.007%. So, this is the first case of effective weakening of the experimental fault,
i.e., the increase in static friction provided by healing mechanisms is aagteno
balance the slip weakening behavior trend of the quartz gouge during a SHS series.
Compaction measurements show an almost constant increase for evesiideollent,

with a particular compaction peak followed by a slight dilation during the ghdses.

During the first SHS test the sample compacted of 0.03 mm, while during the second one
it compacted of 0.013 mm, corresponding respectively to 14% and 6% of the total

compaction.
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Experiment R 366

Experiment R 366 is performed at room temperaturée @3to have an end member in
terms of effect of temperature on the mechanical behavior of the gouges.

The plot (Figure 3.9) starts at a slip value of 25 mm because of other issues with the angle
measurements provided by the apparafuslyzing the general trends of the entire
experiment, also in this case it is easy to affirm that the first and the second SHS series
affect in a different way the gouge, with a general weakening behavior.

Frictiond steady state (with a very mild hardening behavior) was reached after 25 mm
slip atp ~ 0.61+ 0.0017 while compaction values continued to increase for the whole
experiment.

Focusing on the two SHS series, both show a loss of shear strength, quaritifiable
0.008% during the first series and 0.016% during the second one.

The sample compacted quite constantly during both the first and the second SHS series,
except for the dilation showed during the helile event of 22500 s hold.

During the first SHS téshe gouge compacted of 0.01 mm as in the second test, producing

in each case the 4.8% of the total compaction.

Experiment R 383

Experiment R 383 was originally performed to have a comparison with experiment R
366.In fact, RT conditions are identical to the latter. As in experiment R 366, the plot
(Figure3.11]) starts at a slip value of 25 mm because we managed to reproduce precedent
issues coming from angle measurements by the apparatus.

Frictional steady state waieached after 23 mm slippat 0.59+ 0.002 while compaction

values were increasing before, during and after the SHS tests performed.

Since the two SHS tests are separated by 38 mm of slip, | subdivided them in two different
plots. The first SHS serieshows a quite constant increase in static and dynamic friction,
highlighting a 2.2% increase in shear strength, with respect to when the SHS test started.
In addition, the sample compacted of 0.015 mm, corresponding to the 6.9% of total
compaction.

The s@ame is not true for the second SHS series, that showed a weakening behavior,
decreasing the shear strength of the gouge of 0.3%. On the other hand, during the second
SHS test the sample compacted of 0.0013 mm, corresponding to the 0.68% of the total

compadion.
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Experiment R 368

Experiment R 368 is the first performed on microquartz.

Frictional steady state was reached after 10 mm gjip-d1.68+ 0.0013 while when the

SHS test started, the sample was sliding at constant value of 50qampéction.

The single SHS test shows a huge hardening behavior. For everglidelé&vent, the
sample was able to maintain from 50 to 100% of the shear strength gained during hold
times, resulting in an always harder sample to slide.

Despite this strongictional trend, compaction values seem to remain constant through
all the test, except for the slight dilation during the 3000 s-bladie event and the slight
compaction during the 10000 s hallide last event.

During the SHS test the sample compdatié 0.003 mm, corresponding to 5.2% of the

total compaction.

Experiment R 370

Experiment R 370 shows two distinct mechanical behaviors in function of the two distinct
SHS series.

Frictional steady state was reached after 20 mm slip,~a0.67+ 0.001, while in this

case the sample was still compacting when the SHS test began.

In the case of SHS tests performed during
possible to sethis particular behavior: from 3000 s hddtide event, at every reshear, the
sample gained a certain shear strength value, to then weaken (as in previous cases) and
subsequently regain part of the lost strength.

For example, in the case of 10000 s hslide event, the gouge gained 0.024% in shear
strength when it restarsliding. Then, after 0.8 mm it lost 0.011% of the strength and in

the end it regained 0.004% during the last slip stage.

If the first SHS series produced a huge harderip@« 0.039+ 0.0011with respect to

the start of the SHS test, until 56000 s kslide event) , the second one left the sample
weaker than beforeg{Gs - 0.013+ 0.0011 with respect to the start of the second SHS

test, until the end of the experiment), Btill stronger than its original steady state.

During the first SHS test the sample compacted of 0.008 mm, while during the second
one it compacted of 0.002 mm, corresponding respectively to 17% and 4.4% of the

generalcompaction.

49



Experiment R 372

Experiment R 372 was performed conducting the two SHS tests with the most shear
displacement range between them, of 20mm.

Frictional steady state was reached after 8 mm glip-&.65+ 0.0005 while compaction
increased throughout the experiment.

Both the first and the second SHS series show strong hardening and compacting trends.
The sample compacted of 25 um during the first SHS test, and of 14 um during the last
one.In this case, it seems that after each fshide event, the gouge did not show eecl
friction peak followed by a friction drop as in other experiments, but a-gtesily state

with a soft weakening behavididowever, the simple sliding of the sample (i.e. from 25

to 43 mm slip) produced a constant weakening.

During the first SHS sergethe samplgained~ 5 % of shear strength amdmpacted of

0.023 mm(24.79%9, while during the second onegéined~ 1.5 % of shear strength and
compacted of 0.013 miii3.9%.

Experiment R 374

Experiment R 374 is the one of the second serie$ich the sample compacted the most

(0.1 mm).Frictional steady state was reached after 20 mm slip~-&1.69+ 0.0014

From 10 mm to about 48 mm of slip, the gouge exhibited a-sligkoehavior, to then

evolve to stable sliding.

Compactiond o e s n 6t show a <cl ear trend, as the
compacting and dilating until the first SHS started.

Focusing on the two SHS series, itoés clear/l
During the first test, the sample gained 12%l@fes strength with respect to the original

steady state, (corresponding to an increase®f0.08+ 0.0017 and compacted of 0.055

mm, corresponding to the 58% of its total compaction vdlhe.second SHS test did not
produce such results, gaining oi@ly11% in shear strength and compacting only for the

19% with respect to the total compaction during the experiment.
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3.3 Mechanical comparison between experiments

The nexfigureswill show the effect of the temperatyggain size and shear strain
on the mechanical behavior of each experiment, displaying several comparisons in terms
of friction coefficient (1), compaction (mm), healing®and healing rateby.
The abbreviationfhd i n s ome @1 ay shigh stresey @ anvkdns that
experi ment was performed ndnde2OaMPaf aprdt poe
pressurep= 6 MPa, with respect to adol =otllbe MPaxp
and B = 36 MPa.Wherenot otherwisereported, healing dat@waysrefer to the first
SHS test

3.3.1 The effect of temperature

Experiments performed on F110 heterometric angular quartz

FRICTION vs. SLIP
Quartz gouge | Temperature effect
I | T T

Friction coefficient (u)
o
@)}

0.4 .
—366 (23°C)
04 383 (23°C)
02l —361 (100°C)(hs) |
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01k 359 (200°C)(hs) |
' —364 (400°C)
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Figure 3.21 Comparison between experiments performed on F110 heterometric
angular quartz. Friction(u) plotted against sligmm)
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COMPACTION vs. SLIP
Quartz gouge | Temperature effect
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Figure 3.22. Comparison between experiments performed on F110 heterometric
angular quartzCompaction (mmplotted against sligmm).

Thecomparison between the experiments performed on F110 heterometric angular quartz
(Figure 3.21)showsthat theras not a clear temperature dependence of dynamic friction.
Basically, experiments R 383 (and R 366, both performed at room temperature) and
experiment R 364 (performed at 400 °C) are the end members in terms of sliding friction,
butthereisnot a clear dignction between the other three experiments.

ltds noticeable that experiment R 359 (200
than experiment R 356 (200 °C, low stress), suggestisgal but noticeablelirect
effective stress dependence of fnat Thelargestinfluence of temperature is appreciable
looking at the friction peaks and friction drops, as experiment R 364 exhibits the highest
shear strength buildups afrettion, while experiment R 366 the lowest ones.

The abrupt variation in compigan at the end of experiment R 356 is do¢he removal

of the sample from the machine while still recording.

Compaction values and trends of experiments performed on F110 heterometric angular
quartz (Figure 3.22)look almost identicalapart from theriitial larger compaction in
angular quartz sampleShemajor temperature effect showed by this plpbisce again,
thelargevertical displacement drops of experiment R 364, the one performed at 400 °C,

that however follows in his way the compaction t®wof other experiments.
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Figure 3.23. Comparisorbetweerhealingdataof experiments performed on F110 heterometric
angular quartzgp eplotted against logftis). Healing rate parametebf is shown in the box.

Focusingon healing and healing rate shownkigure3 . 2 3, afclbaetengérature
dependence of healingo@ and healing rate paramet®).(The higher the temperature,

the higher the shear strength gained during stationary contact periods, but also the rate of
increase of the shear strengf). (This is particularly noticeable for end members
experiments (R 366, R 383 and R 364) in terms of temperature.

It seems also that the increase in effective normal stress (represented by experiment R

359) causes an increasdfrictional healing, both magnitude and rate.
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