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Abstract
Understanding the processes that dictate the evolution of frictional strength
during the seismic cycle is a central problem in characterizing the seismic potential of
faults and in relating earthquake source parameters such as stress drop to recurrence
interval and geologic and geodetic fault slip rates. Laboratory friction experiments
provide insight into the mechanisms of fault healing, and results of these studies
provide the fundamental underpinnings of the rate- and state-friction laws. Frictional
healing is the mechanism(s) associated with fault restrengthening following failure,
where time-, slip- and velocity- dependent processes dictate the evolution of real
contact area at grain junctions within fault gouge. The objective of this work is to
illuminate the micromechanics of frictional healing and the relation between
mechanical and hydraulic properties of fault gouge. Four main dissertation chapters
are combined with three additional collaborative works describing research on the
fundamental processes that govern earthquakes and tectonic faulting.	
  
Chapter one is focused on the role of water during repetitive stick- slip
frictional sliding, with particular emphasis on the grain scale mechanisms of frictional
restrengthening. A micromechanical model for gouge deformation is developed,
based on the interpretation of mechanical and microstructural observations.	
  
Chapter two describes the role of pore fluid pressure during earthquake
nucleation and dynamic rupture. Experiments were performed on synthetic granular
fault gouge under a range of hydrological boundary conditions from drained to
undrained. The experiments demonstrate that when gouge layers are deformed under
undrained boundary conditions, time-dependent strengthening and the magnitude of
stress drop increase, when compared with drained conditions. I conclude that under
undrained conditions, a series of feedback processes between pore fluid
depressurization and stress enhanced pressure solution creep control time-dependent
elasto-plastic deformation at frictional contacts. These observations have important
implications for models of earthquake recurrence and for theoretical models of
granular deformation.	
  
Chapter three was designed to investigate the relation between permeability
and porosity across the brittle ductile transition in siliciclastic rocks, with implication
for the up-dip limit of seismo-genesis along subduction zones. I find that permeability
is dependent on the deformation style and strain localization. In the brittle regime
shear localization along discrete bands can act as a barrier to fluid flow, modifying
the hydrological properties and distribution of fluids. The possible generation of
overpressures can lower the effective stress surrounding the shear plane and thus
favor the nucleation/propagation of earthquake rupture.	
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Chapter four describes work to examine the frictional stability and
hydrological properties of natural serpentinite samples from the San Andreas Fault in
central California. The aim of this work was to shed light on the deformation
mechanism(s) responsible for the spectrum of fault slip behaviors, including Low
Frequency Earthquakes (LFE), slow earthquakes, and non volcanic tremor. I find that
when serpentinite is associated with other weak phyllosilicates minerals (i.e. talc), for
typical seismogenic depths, it can control the mode of fault failure showing the
potential characteristics for generating LFE and other forms of transient slip.	
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mounted on each ram. (b) Sample assembly composed of two gouge layers sandwiched
between two stationary side blocks and a central forcing block, each with grooves
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Top: SEM image of glass beads before shearing. Bottom: Schematic of the granular
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Figure 2.2. Complete run details showing coefficient of friction vs. shear displacement
for two representative experiments, one at 5% RH (p3476) and one at 100% RH (p3368).
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Figure 2.4. (a) Details of the friction coefficient for a stick-slip event. ∆µ is the dynamic
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a maximum strength (µmax) and failure. (b) Evolution of layer thickness for the same
stick-slip event. Gouge layers dilate during inelastic creep and then abruptly compact
upon dynamic failure. ………………………………………………………………….(33)
Figure 2.5. Stick-slip friction parameters for an experiment at 50% RH (p3359). Peak
friction µmax (Panel a), minimum friction µmin (Panel b) and stick-slip recurrence interval
tr (inset) as a function of shearing velocity. Panels a and b show all data for one
experiment and mean values. Note that µmax decreases systematically and µmin increases
systematically as velocity increases. Recurrence interval decreases as loading velocity
increases (inset). ……………………………………………………………………….(34)
Figure 2.6. Stick-slip friction parameters as a function of humidity, shearing velocity,
and velocity history. (a) maximum friction, (b) minimum friction, and (c) friction drop
(Δµ = µmax - µmin) as a function of shearing velocity for each relative humidity
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investigated. Data points represent mean values for 20-30 stick-slip events (see Figure 5).
In black, we report the velocity sequence from 0.3 to 300 µm/s and in red the velocity
sequence from 300 - 0.3 µm/s for comparison. Note that µmax decreases with increasing
velocity for RH ≥ 50% but is independent of velocity for the dry cases, whereas µmin
increases with velocity for all cases. Experiments in which velocity was increased during
the run (0.3 – 300 µm/s) tend to have higher friction than experiments in which the
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when velocity was increased (0.3 – 300 µm/s) compared to when velocity was decreased
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Figure 2.7. (a) Comparison of friction drop (Δµ) for three different velocities (1-10-100
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Figure 2.8. Granular dilation (Δh) as a function of (a) stick-slip recurrence time and (b)
pre-seismic slip. (a) Dilation increases with increasing recurrence time for all humidities.
Maximum values of dilation are observed at 100% RH. (b) Dilation increases with
increasing pre-seismic slip. Runs at 100% RH show the highest values of dilation. The
three experiments seem to define a single relationship between dilation and slip, with
dilation increasing with increasing pre-seismic slip. ………………………………….(37)
Figure 2.9. Post experiment SEM images of glass beads for each RH value and at the
noted magnification. Panels a, e, i show the lowest magnification and indicate that beads
show little evidence of bulk crushing or comminution. Details of contact junction
properties can be seen for each value of RH. Note the evolution of contact junction shape
from elliptical and shallow under dry conditions (panels b-d) to rounded and deep with
evidence of shear striations at higher RH (panels f-h and l-n). Contact junction size
increases with increasing RH%. ……………………………………………………….(38)
Figure 2.10. Stick-slip friction drop increases with recurrence time as a measure of
healing rate β1 = Δµ/log(tr). Note that β1 increases from 0.014 at 5% RH (R2=0.902), to
0.029 at 50% RH (R2=0.953) and 0.03 at RH = 100% (R2=0.908). For a given shearing
velocity, β2 represents the increase in friction drop and recurrence time as RH increases.
The different evolution of Δµ with tr highlights an activation threshold for water assisted
healing between the relative humidities of 5 and 50%. ………………………………..(39)
Figure 2.11. Relation between stick-slip friction drop and granular dilation for all
humidities and velocities investigated. Note that data for increasing velocity (0.3 to 300
µm/s) define the same trend as those for the reverse velocity sequence (300 to 0.3 µm/s).
Dilation and friction drop increase with increasing relative humidity. ………………..(40)
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Figure 2.12. Schematic of deformation mechanisms during granular shear. Grains are
shown larger than actual size; inset to (a) shows true scale relative to surface roughness.
Shaded grains represent force chains. Note force chains that span the layer. (a) Force
chains form directly after a dynamic slip event. (b) With continuing shear, force chains
deform elasto-plastically due to rolling and interparticle slip, causing layer dilation. Once
the maximum strength and favorable orientation angle (φf) at grain contacts are reached,
grains slide, force chains break and dynamic failure propagates within the layer (c). The
cycle is repeated for each stick-slip event throughout the experiment. ……………….(41)
Figure 2.13. Comparison of contact junction deformation for different values of relative
humidity. SEM images (right) and a sketch (left) for each humidity. (a) Real contact area
evolution at a grain junction under relative humidity of 5%. Note incipient contact
junction associated with small interparticle shear angle (φf). (b) At 50% RH, the contact
junction is larger due to chemically-assisted mechanisms at grain junctions. Contact
strength is larger, favoring rolling over sliding which causes greater dilation until the
preferred orientation for failure (φf) is reached. (c) At 100% RH, water at grain junctions
increases pressure solution and contact growth rate, which enhances rolling and granular
dilation. Grains sliding occur at a higher interparticle friction angle, causing larger peak
friction and larger stick-slip stress drop. ……………………………………………....(42)
Figure 2.14. Schematic of chemically-assisted processes at contact junctions within force
chains. The sense of rolling during dilation and pre-seismic slip is indicated. Inset
illustrates how pressure solution may occur at grain-to-grain contacts during aseismic
creep. At the contact interface, stress induces dissolution, resulting in an increase in the
contact area. Increased humidity enhances dissolution, favoring chemically-assisted
plastic deformation at contacts. ………………………………………………………..(43)
	
  
Figure 3.1. Schematic representation of the biaxial deformation apparatus in a doubledirect shear configuration, within a triaxial pressure vessel. The horizontal and vertical
rams are used to apply normal stress and shear stress respectively. …………………..(68)
Figure 3.2. Experimental configuration used for this study, showing the sample assembly
placed within the triaxial pressure vessel shown in Figure 3.1. A high resolution LVDT is
fixed across the sample assembly in the pressure vessel and used to measure gouge layer
thickness changes throughout the experiment. Represented on the right are the pressure
intensifiers used to apply confining pressure (Pc), up-stream (Ppu) and down-stream (Ppd)
fluid pressure. Fluid pressure is measured using pressure transducers placed on top of the
pressure vessel and connected in series with valves in order to achieve undrained
boundary conditions and contemporaneously measure variations in fluid pressure. ….(69)
	
  
Figure	
   3.3.	
   Starting material and experimental sample assembly. (a) SEM image of
undeformed glass beads used in this study. (b) Particle size distribution analysis where
the quantities d50 and d10 represent the mass median diameter of 124 µm and the size of
particles for which 10% of the sample volume is below the size of 106 µm respectively.
(c) Sample assembly for double-direct shear configuration. In black, stainless steel
forcing blocks equipped with conduits for fluid flow (light gray). The two side blocks are
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connected to a down-stream fluid reservoir and the central block to an up-stream fluid
reservoir. Sintered porous frits, positioned in depressions within the forcing blocks, are
used to homogenously distribute fluids within the gouge layers. ……………………..(70)	
  
	
  
Figure	
   3.4.	
   (a) Representative curve for a typical experiment showing shear stress as a
function of shear displacement. Each experiment is characterized by a first stage at
constant shear velocity of 10 µm/s, after which a sequence of velocity steps from 0.1 to 1
or 1 to 30 µm/s was performed. (b) Details of stick-slip evolution across a velocity step
from 3 to 10 µm/s (gray box in (a)). Left hand side shows stress drop (Δτ = τmax – τmin)
decreasing upon a velocity increase. Right hand side shows a sudden decrease in event
recurrence time (tr) upon the same velocity step. (c) Evolution of gouge layer thickness
with shear displacement. Left hand side shows raw data for the same section of the
experiment shown in (b). For each event, dilation occurs as the stress builds up and
compaction upon failure and stress drop. Right hand side shows data for the 10 µm/s
section once the linear trend for geometrical layer thinning, due to experimental
geometry, is removed. ………………………………………………………………....(71)	
  
	
  
Figure	
   3.5.	
   Details for a typical stick-slip event. (a) Evolution of shear stress with
displacement. Stress builds up linearly during elastic loading characterized by stiffness of
k. Deviation from elastic loading marks the onset of pre-seismic slip and creep, until a
maximum stress is reached (τmax). Δτ represents the dynamic stress drop during coseismic slip. (b) Relative evolution of granular gouge layer thickness. Dilation during
pre-seismic slip is followed by abrupt compaction corresponding with dynamic slip. (c)
Pore fluid pressure decreases during pre-seismic slip (i.e. effective normal stress
increases due to depressurization), followed by an abrupt increase during dynamic stress
drop. …………………………………………………………………………………....(72)	
  
Figure 3.6. Loading velocity (VL) versus recurrence time (tr) for experiments under
drained and undrained boundary conditions at effective normal stresses of 5 and 10 MPa.
Data are fit with a least squares polynomial fit with residual error (R2) always <0.9.
………………………………………………………………………………………….(73)
	
  
Figure 3.7. Evolution of stress drop (Δτ) as a function of recurrence time for all the
experiments at effective normal stress of 5 and 10 MPa, under drained (square) and
undrained (circles) boundary conditions. Stress drop decreases log-linearly as a function
of recurrence time and its magnitude is controlled by the effective normal stress and
hydrological boundary conditions. …………………………………………………….(74)
Figure 3.8. Details of shear stress (τ), gouge layer thickness (h) and pore fluid pressure
(Pp) as a function of time for a section of experiments at a constant shear velocity of 3
µm/s. We show experiment conducted under undrained boundary conditions at σ’n = 5
MPa (gray), and σ’n =10 MPa (black). ………………………………………………...(75)
Figure 3.9. Details for two stick-slip events at σ’n = 5 MPa and shear velocities of 0.1
and 1 µm/s. (a) Shear stress increases linearly with displacement during elastic loading.
Deviation from this relation marks the onset of aseismic creep. (b) Gouge layers dilate
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during elastic loading as shear stress builds up. During aseismic creep, shear strength
reaches a constant value, with layers that continue to dilate, until co-seismic compaction.
(c) Pore fluid pressure decreases linearly as shear stress builds up during the elastic
loading stage. During aseismic creep, we observe continuous depressurization. (d) Pore
fluid pressure decreases linearly as the gouge layer dilates during the whole stick-slip
cycle. An increase in shear velocity causes the relationships described above to decrease.
………………………………………………………………………………………….(76)
Figure 3.10. Details for two stick-slip events at σ’n = 5 (gray) and 10 (black) MPa under
undrained conditions. (a) Shear stress increases linearly with displacement during elastic
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dilate during elastic loading as shear stress builds up. During aseismic creep, shear
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compaction. (c) Pore fluid pressure decreases linearly as shear stress builds up during the
elastic loading stage. During aseismic creep, we observe continuous depressurization. (d)
Pore fluid pressure decreases linearly as the gouge layer dilates during the whole stickslip cycle. An increase in effective normal stress causes the shear strength, pre-seismic
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Figure 3.13. Post experiment SEM images (a, b, c, d, and e) and particle size distribution
analysis (f) of glass beads for experiments run at σ’n = 5 MPa, under undrained boundary
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Chapter 1

Introduction and Background

Seismogenic fault zones are complex regions that evolve with both space and time
during the seismic cycle and with accumulated geologic offset. They are characterized
by a variety of mineral types, hydrological conditions, and slip rates, which dictate the
stability of the system. Seismic and aseismic shear deformation along fault zones
generates granular wear material referred to as fault gouge. Frictional processes, and their
interaction with elastic coupling and hydrological, chemical, and mineralogical processes,
within the fault gouge govern the mode of slip along faults.
In order to characterize the seismic potential of faults, it is fundamental that we
understand the evolution of frictional strength during the seismic cycle. Stick-slip
laboratory experiments and seismological observations indicate that during the preseismic stage of faulting, faults strengthen with time under quasi-stationary contact.
Frictional healing is one of the mechanism(s) associated with strength recovery following
a dynamic event. Frictional re-strengthening (healing) in fault rocks is generally
associated with the evolution of the size and strength of asperity contact junctions and
shear fabric within fault gouge, which may include force chains and other stresssupporting internal structures. A variety of micromechanical and chemical processes can
dictate the evolution of the real contact area by controlling the quality and/or the quantity
of the asperity contacts. Furthermore, hydrological boundary conditions can control the
evolution of the stress field within fault gouge, by modulating the effective stress via the
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evolution of pore fluid pressure, and therefore exhibiting a strong control on the frictional
stability of faults. However, the physical mechanisms that result in fault strengthening are
still being debated and are generally poorly understood.
This dissertation presents the results and interpretations of laboratory
experimental work, the goals of which are to:
1. Shed light on the physicochemical processes that result in frictional healing
with an emphasis on their effects on stick-slip stress drop and recurrence time.
2. Investigate the role of pore fluids and hydrologic boundary conditions (i.e.
drained vs. undrained) in fault mechanics and earthquake physics.
3. Examine the deformation style of sedimentary rocks in order to better
understand the evolution of permeability and porosity, in relation to the
mechanical properties, and how it relates with the up-dip limit of
seismogenesis along subduction zones.
4. Understand the role of fault gouge mineralogical composition on the style of
fault deformation along major plate boundary fault and subduction complexes.
5. Expand our understanding of the relationship between hydromechanical
properties and the development of shear fabric, and how it can potentially
control fault stability.
This dissertation is presented as a series of manuscripts. This introductory chapter
provides background information and an overview that connects the subsequent chapters.
Chapters 2-5 present results and interpretations of laboratory experiments and are either
published or are pending publications in peer-reviewed journals. Appendix A, B and C
are manuscripts where I am the second author. In Appendix D, I carefully describe the
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design of a new triaxial configuration to use within the pressure vessel. In Appendix E, I
present a complete list of the experiments that I performed, related with personal projects
and/or collaborations.
The research presented in this dissertation approaches the problem of fault
stability and the mode of fault failure from two main points of view: (1) a more
theoretical approach, concerning deformation mechanisms during stick-slip frictional
sliding within synthetic granular fault gouge (Chapters 2 and 3) and (2) an investigation
of the deformation styles of natural fault rocks with an emphasis on the implication for
the up-dip limit of seismogenesis along accretionary prisms (Chapter 4) and deep fault
deformation associated with Low Frequency Earthquakes (LFE) and Tectonic Fault
Tremor (Chapter 4).
Stick-slip frictional sliding in laboratory experiments on granular material is
often considered as a proxy for the seismic cycle of shallow focus earthquakes [Brace
and Byerlee, 1966]. Stick-slip events can occur as a mechanical instability when the
frictional strength falls below the elastic stress applied by the surrounding continuum.
During the “stick” phase, frictional strength increases as the result of time- and slipdependent processes acting at grain-to-grain contacts. Contact aging and frictional
healing depend on the time of quasi-stationary contact and on slip and stress. With time,
contact area grows and as a result the frictional strength increases [Rabinowicz, 1956;
Dieterich and Kilgore, 1996]. Therefore, the dynamic stress drop will be modulated by
the amount of elastic energy stored during the “stick” phase, among other factors. A
variety of different variables, such as applied stresses, chemical environment, and
temperature are believed to influence contact aging and frictional healing. In Chapter 2, I
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investigate the role of water in controlling stick-slip properties of synthetic granular fault
gouge. The main hypothesis tested in this chapter was whether an increase in water
content would control strength recovery during the inter-seismic stage of faulting, via the
activation of chemical reactions at contact junctions that result in the evolution of real
contact area. I performed experiments at various levels of relative humidity and at
different shear velocities in order to assess time-dependent evolution of stick-slip
properties as a function of water content. I interpret the mechanical data in light of grain
scale observations in order to formulate a micromechanical model for granular gouge
deformation. I find that mechanical properties and the evolution of contact area depend
inversely on slip velocity and directly on the relative humidity. I show that relative
humidity has a significant effect on micromechanical deformation, frictional strength, and
the rate of frictional healing in granular fault gouge.
The results presented in Chapter 2, such as the control of water on the rate of
frictional healing and dynamic stress drop, led me to investigate how variations in the
stress field (i.e. effective stress) within granular gouges affects frictional healing and
aseismic creep. In Chapter 3, I investigate the role of pore fluid pressure on timedependent deformation during the inter-seismic stage of stick-slip frictional sliding. The
main intent was to understand whether changes in effective normal stress, due to pore
fluid pressure variations, influence the amount of aseismic creep prior to failure and how
this influences dynamic instabilities. I performed shear experiments on water saturated
synthetic granular fault gouge under nominally undrained and drained boundary
conditions, at different effective normal stresses, and over a range of shear velocities. I
show that time-dependent strengthening and stress drop magnitude are controlled by the
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effective normal stress and depend on hydrological boundaries conditions. These
observations have important implications for possible deformation mechanisms that can
control time-dependent phenomena associated with shallow crustal earthquakes.
In Chapter 4, I investigate the coupling between permeability, porosity and
mechanical behavior across the brittle-ductile transition in porous siltstone. The aim of
this work was to extend our understanding of the deformation mechanisms that control
the up-dip limit of seismogenesis along accretionary subduction zones, and to gain
insights into the conditions that allow nucleation and/or propagation of earthquakes at
shallow depths. I show that in the brittle faulting regime, permeability evolution is not
associated with an evolution in porosity. On the other hand in the ductile regime,
cataclastic flow causes porosity and permeability to decrease accordingly. Our results
imply that permeability is dependent on the deformation style and strain localization.
This result has important implications for the hydrologic properties along the shallow
portion of subduction zones. Fluids from deep areas in accretionary prisms, where the
deformation style of sediments is characterized by cataclastic flow and porosity
reduction, can migrate to shallow depth. In these areas, where porosity is high and pore
tortuosity is low compared with deeper zones, fluids can redistribute in the pore matrix.
Shear localization along discrete bands can act as a barrier to fluid flow, modifying the
hydrological properties and distribution of fluids. The possible generation of
overpressures can lower the effective stress surrounding the shear plane and thus favor
the nucleation/propagation of earthquake rupture.
In Chapter 5, I approach the problem of determining what deformation
mechanism(s) could be responsible for Low Frequency Earthquakes (LFE) and tremor
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along major plate boundary faults and subduction zones. The recent discovery of this new
mode of fault slip behavior has raised fundamental questions about deep fault
deformation mechanisms. It has also led to questions concerning the interaction between
megathrust earthquakes nucleating in the locked zone, and up-dip LFE and tectonic fault
tremor. I designed a series of experiments in order to investigate slip stability, frictional
healing and the resulting hydrological properties of natural serpentinite rich gouges. I
integrated the mechanical data with microstructural observations of the post experiment
gouge layers. I find that mineralogical composition of the fault gouge exerts a primary
control on the development of shear fabric, which controls the mode of fault slip and
hydrological properties.
The overarching goal of this research is to move closer to understanding the
underlying micromechanical mechanisms at the origin of fault healing and how they can
control the variations of fault strength through time. The experimental results presented
in this dissertation provide important constraints on the mechanisms for rate- and statefriction by relating experimental friction tests with microstructural observations.
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Chapter 2

Physicochemical Processes of Frictional Healing: Effects of
Water on Stick-Slip Stress Drop and Friction of Granular
Fault Gouge

Abstract
Understanding the micromechanical processes that dictate the evolution of fault strength
during the seismic cycle is a fundamental problem in earthquake physics. We report on
laboratory experiments that investigate the role of water during repetitive stick-slip
frictional sliding, with particular emphasis on the grain scale- and atomic scalemechanisms of frictional restrengthening (healing). Our experiments are designed to test
underlying concepts of rate and state friction laws. We sheared layers of soda-lime glass
beads in a double-direct shear configuration at a constant normal stress of 5 MPa. Shear
stress was applied via a constant displacement rate from 0.3 to 300 µm/s. During each
experiment, relative air humidity (RH) was kept constant at values of 5, 50 or 100%. Our
data show a systematic increase in maximum friction (µmax), stick-slip friction drop
(Δµ) and frictional healing rate, with increasing RH. The highest values of inter-event
dilation occur at 100% RH. Post-experiment SEM observations reveal details of contact
junction processes, showing a larger grain-to-grain contact area at higher RH. We find
that the evolution of contact area depends inversely on slip velocity and directly on RH.
Our results illuminate the fundamental processes that dictate stick-slip frictional sliding
and provide important constraints on the mechanisms of rate- and state friction.

7

Introduction

Understanding the processes that dictate the evolution of frictional strength during
the seismic cycle is a central problem in characterizing the seismic potential of faults and
in relating earthquake source parameters such as stress drop to recurrence interval and
geologic and geodetic fault slip rates. Seismological observations indicate that faults
restrengthen during the inter-seismic period, and existing work documents a systematic
variation in stress drop and other source parameters with earthquake recurrence interval
[e.g., Kanamori and Allen, 1986; Scholz et al., 1987; Vidale et al., 1994; Marone et al.,
1995; Schaff et al., 1998; Scholz, 2002]. Estimates based on seismic moment show that
stress drop generally increases by a few MPa per decade increase in earthquake
recurrence time [e.g., Scholz et al., 1987], however more complex relationships are also
observed, including decreasing stress drop with recurrence interval [e.g. Peng et al.,
2005].
Laboratory friction experiments provide insight into the mechanisms of fault
healing, and results of these studies provide the fundamental underpinnings of the rate
and state friction laws. Existing works show that static friction increases logarithmically
with contact time, although a power-law relationship is often permissible, and stick-slip
recurrence interval [e.g. Dieterich, 1972, 1978; Bos et al., 2000; Losert et al., 2000; Frye
and Marone, 2002a,b; Mair et al, 2002; Tenthorey and Cox, 2006; Niemeijer et al., 2008;
Carpenter et al., 2014]. Frictional healing is the mechanism(s) associated with fault
restrengthening following failure, where time-, slip- and velocity-dependent processes
dictate the evolution of real contact area at grain junctions, in granular material, or at
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asperity contacts on extended solid surfaces [Rabinowicz, 1951; Dieterich, 1972; 1978,
1979; Scholz and Engelder, 1976; Teufel and Logan, 1978; Ruina, 1983; Dieterich and
Conrad, 1984; Tullis and Weeks, 1986; Chester, 1994; Dieterich and Kilgore, 1996;
Marone, 1998]. However, the atomic-scale mechanisms that dictate frictional
restrengthening in fault rocks are poorly understood. Presumably, physico-chemical
processes acting at highly stressed contact junctions between grains [e.g. Rabinowicz,
1951] dictate the evolution of frictional strength, via the size or quality of contact area
[e.g., Tullis, 1988; Li et al., 2011], however, the details of these processes are unclear
under even simple boundary conditions, not to mention during repetitive stick-slip on
tectonic faults subject to continuous shear.
Numerical simulations [Mora and Place, 1994, 1998, 1999; Morgan, 1999;
Morgan and Boettecher, 1999; Gou and Morgan, 2004, 2006; Abe and Mair, 2005, 2009;
Mair and Abe, 2008, 2011, Rathbun et al., 2013] and laboratory experiments [Mair et al.,
2002; Frye and Marone, 2002a; Anthony and Marone, 2005; Yasuhara et al., 2005;
Marone et al., 2008] on granular fault gouge have shown that gouge material (angular vs.
spherical particles, narrow vs. wide particle size distribution) and micromechanical
deformation (grain comminution, dilation, shear localization, sliding and/or rolling)
control the evolution of the real contact area, and as a consequence, frictional strength
and stability. Water also plays a fundamental role in determining time-dependent
deformation at grain contact junctions [Dieterich and Conrad, 1984; Losert et al., 2000;
Frye and Marone, 2002b; Renard et al., 2012]. Hydrolytic weakening has been proposed
as a possible mechanism for plastic deformation at grain contact junctions by which the
real contact area grows with time, resulting in an overall increase of frictional strength
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[Griggs, 1965; Blacic and Christie, 1984; Frye and Marone, 2002b]. Pressure
dissolution, diffusion and precipitation have also been proposed as a series of linked
processes capable of inducing plastic deformation at grain contact junctions, driving
compaction, and reducing pore space in silica aggregates [Bos and Spiers, 2002;
Niemeijer et al., 2002; Yasuhara et al., 2003, 2005; Zhang and Spiers., 2005; Niemeijer,
2010; Visser et al., 2012; Zheng, 2012, 2013]. Other possible water-assisted mechanisms
that can result in healing, such as capillary bridging, subcritical crack growth, and
adsorption/desorption may also promote time-dependent, plastic deformation at grain
junctions.
Dieterich and Conrad [1984] showed that for bare quartzite surfaces, dry
conditions resulted in higher friction and more stable sliding than humid conditions. They
suggested that water acted as a lubricant, weakening contact junctions, yet increasing the
rate of frictional healing and thus promoting stick-slip instability. Frye and Marone
[2002b] studied granular friction and also found that the rate of frictional healing
increased with increasing RH. However, in contrast to the results for bare surfaces
[Dieterich and Conrad, 1984], they found: 1) that sliding friction is independent of RH,
and 2) that a transition occurs from velocity strengthening frictional behavior to velocity
weakening frictional behavior above a critical RH of 30-35%. Both of these studies
imply that chemically-assisted, thermally activated mechanisms related to adsorption of
water promote plastic deformation at asperity contacts. This suggests that the real contact
area grows with time, resulting in an increase in frictional strength [Renard et al., 2012].
However, relatively little is known about the role of water at asperity contacts during
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deformation of a dynamic system (i.e. repetitive frictional stick-slip) and its control on
the relationships between aseismic creep, recurrence time and stress drop magnitude.
The purpose of this paper is to investigate the effect of water-activated
mechanisms on contact morphology, frictional healing and dynamic instabilities within
granular fault gouge during stick-slip frictional sliding as an analog for the seismic cycle
[Brace and Byerlee, 1966]. We focus on the time- and slip-dependence of friction during
repetitive stick-slip in experiments for which sliding rate and relative humidity were
varied systematically.

Experimental Methods

We performed experiments on synthetic granular fault gouge composed of glass
beads using a fast acting, servo-hydraulic, biaxial deformation apparatus in a doubledirect shear configuration under conditions of room temperature and controlled humidity
(Figure 2.1a). A horizontal ram applies and maintains a constant force normal to the
shearing layer in load-feedback control and shear load is applied as a constant shear
displacement rate via a vertical ram. The applied loads (both vertical and horizontal) are
measured using custom-built, strain gauge load cells with an amplified output of ±5 V
and an accuracy of ±0.5 N. Shear and normal displacements are measured using direct
current displacement transducers (DCDT), positioned between the fixed frame and the
moving pistons, with an accuracy of ±0.1 µm. A stiffness correction for stretch of the
apparatus is applied, with nominal values of 0.5 kN/µm for the vertical frame and 0.37
kN/µm for the horizontal frame. Data were recorded with a 24-bit ±10 V analog-to-
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digital converter at a rate of 10 kHz and averaged to obtain sampling rates between 1 Hz
and 10 kHz.

Sample Configuration and Starting Material
Gouge layers were composed of smooth, soda-lime glass beads GL-0191, Mo-Sci
Corporation, Rolla Missouri; Figure 2.1c. Bead particle size ranged from 105 to 149 µm
in diameter and the chemical composition (by weight) was: silica 65-75%, sodium oxide
10-20%, calcium oxide 6-15%, magnesium oxide 1-5%, and aluminum oxide 0-5%.
Glass beads are widely used as a laboratory analog for granular fault gouge [e.g. Losert et
al., 2000; Mair et al., 2002; Johnson et al., 2008, 2013]. Previous work shows that glass
beads exhibit highly reproducible stick-slip frictional sliding [e.g., Mair et al., 2002;
Savage and Marone, 2007, 2008]. This material also allows us to accurately analyze the
resulting post-experiment grain morphology.
The double-direct shear sample configuration consisted of a three-block assembly
with a central forcing block and two stationary side blocks (Figure 2.1b). The forcing
blocks are constructed from hardened steel and equipped with grooves, 0.8 mm in height
and 1 mm spacing, on the surfaces in contact with the gouge perpendicular to shear
direction. The side blocks have nominal frictional contact area of 10 × 10 cm2, and the
central block has dimensions of 15 × 10 × 4 cm, such that frictional contact area remains
constant during shear. Two identical granular layers are sheared simultaneously in double
direct shear. All measurements given in this paper are for a single layer.
Gouge layers were constructed using a precise leveling jig in order to obtain a
uniform and reproducible layer thickness of 5 mm [e.g., Anthony and Marone, 2005].
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Cellophane tape was used to confine the layers during sample construction, which
consisted of placing the central block on top of the side block, securing it with additional
tape, and then repeating the procedure for the other side block. Subsequently, a thin latex
membrane was attached to the bottom of the sample to avoid loss of material during the
experiment, and four steel guide plattens were secured on each side of the sample to
avoid lateral extrusion of the material (Figure 2.1b).

Experimental Procedure
Experiments were conducted using three different values of relative humidity for
the air in contact with the gouge layer: ~5%, 50% and 100% (Table 2.1). In order to
eliminate moisture, gouge particles were dried in an oven for 24 hours at 100 0C prior to
sample construction. Subsequently, the sample was quickly assembled, following the
procedure described above, and placed in a controlled humidity environment for an
additional 24 hours at the desired RH. Nominally dry conditions (RH ≈ 5%) were
achieved by using an anhydrous calcium sulfate desiccant (W.A. Hammond Drierite
Company, LTD). Experiments at 50% RH were done during the months between June
and August, as ambient weather conditions permitted. Experiments at 100% RH were
done using a solution of anhydrous sodium carbonate (Na2CO3) and deionized water
(1:2).
After the sample was constructed, it was placed in a flexible, sealed membrane
within the deformation apparatus (Figure 2.1a, b). We maintained constant RH within the
membrane throughout the experiment. Once the system had equilibrated, normal stress
(σn) was raised to 5 MPa and maintained constant. All experiments were run in the non-
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fracture loading regime for glass beads [Mair et al., 2002; Mair and Abe, 2011]. Once
initial compaction stabilized to a constant layer thickness, the vertical piston was driven
down at a constant displacement rate of 10 µm/s for ~5 mm allowing friction to increase,
generally to a peak value, after which stick-slip events stabilize within a constant range
(Figure 2.2). The load point velocity was then increased stepwise from 0.3 to 300 µm/s
(Figure 2.2). To investigate time- and strain-dependent frictional evolution, experiments
were also performed with the reverse velocity sequence, from 300 to 0.3 µm/s, under the
same boundary conditions (Table 2.1). For a given boundary condition, each experiment
was repeated at least three times, and we observed a very high level of reproducibility
(Table 2.1). At the end of each experiment, the sample assembly was carefully removed
and the gouge layers were collected for post-experiment analysis via optical and
scanning electron microscope (SEM).
Results

Characteristics of Laboratory Stick-Slip Events
Experiments were conducted using a computer-controlled displacement history.
During the first stage of loading, at constant velocity of 10 µm/s, shear stress increased
linearly during elastic loading to an inelastic yield point, followed by a peak yield
strength, after which stick-slip instabilities began (Figure 2.2). Frictional strength evolved
during the initial period of stick-slip and reached a mechanical steady state, defined by
constant maximum and minimum values of friction (Figure 2.2). Under dry conditions of
5% RH, layers exhibited higher elastic stiffness and lower peak strength than under
humid conditions (RH = 100%).
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After friction had reached a mechanical steady state (i.e. constant µmax and µmin),
we performed velocity step tests to assess the time-dependent evolution of friction
(Figure 2.2). Upon an increase in loading velocity, we find a marked decrease of friction
drop (Δµ = µmax - µmin) and an increase in stick-slip event frequency (Figure 2.3a).
Consistent with previous works, our results show that the magnitude of friction drop,
layer thickness change (Δh) and inter-event recurrence time, tr, vary systematically with
loading velocity (Figure 2.3) [Mair et al., 2002; Anthony and Marone, 2005].
Stick-slip events are characterized by a typical, three-stage history (Figure 2.4).
1) Initially, friction (µ = τ/σn) increases linearly during elastic loading, characterized by
stiffness in the form k’ = k/ σn [µm-1], where k [N/µm] represents elastic stiffness given
by the ratio of shear stress (τ) to shear displacement, and σn is the applied normal stress
(Figure 2.4a). During this phase, layer thickness experiences minor changes, suggesting
elastic deformation at grain-to-grain contacts (Figure 2.4b) [e.g., Anthony and Marone,
2005]. 2) Deviation from linear-elastic loading marks the onset of plastic strain, which is
associated with gouge layer dilation and elasto-plastic deformation at grain contacts
(Figure 2.4). 3) When the maximum frictional strength (µmax) is reached, dynamic failure
and slip occurs with an associated friction drop (Δµ) and abrupt compaction of the gouge
layer.
During a series of multiple stick-slip events, layer thickness shows a strong
correlation with the magnitude of friction drop and shear velocity (Figure 2.3a and b). At
a constant loading rate, the amount of pre-seismic dilation and co-seismic compaction is
constant and does not vary substantially with net shear strain.
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In response to an increase in velocity, stick-slip stress drop decreases and the
relative amount of pre-failure dilation (Δh) and dynamic compaction decreases (Figure
2.3). When analyzing the evolution of layer thickness, we corrected measurements from
the DCDT (Figure 2.1a) to account for geometrical layer thinning due to sample
geometry [Scott et al., 1994; Samuelson et al., 2009]. We removed a linear trend from the
layer thickness data, to account for overall thinning (Figure 2.3b), so that we could
accurately determine layer thickness changes during a given stick-slip event (Figure 2.3b
inset).
Loading rate has a systematic effect on stick-slip recurrence time. Consistent with
previous work, we find a power law relationship of the form log(tr) = mlog(v), with m ~ 1.1, resulting in longer interevent times at slower velocities (Figure 2.5 inset) [Karner
and Marone, 2000; Mair et al., 2002, Anthony and Marone, 2005; Savage and Marone,
2007]. For each loading velocity, we analyzed every stick-slip event, reporting the mean
value and statistical variability, with error bars calculated by using a standard error of the
mean (SEM) method (Figure 5). For our range of velocities, µmax decreased (Figure 2.5a)
and µmin increased (Figure 5b) with the logarithm of shear velocity. Note that both of
these trends change slightly at 10 µm/s (Figure 2.5).

Effect of Shear Velocity and Humidity on Friction Drop
We find systematic variation in stick-slip properties as a function of relative
humidity, shear velocity, and loading history (i.e. slow-to-fast and fast-to-slow velocity
sequences) (Figure 2.6). For a given shear velocity, as humidity increases, µmax increases
and µmin decreases, resulting in systematic changes in ∆µ (Figure 2.6). For the dry
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experiments, µmax is fairly insensitive to loading rate, within the scatter in the data,
although µmin varies systematically, resulting in roughly constant values of ∆µ below 10
µm/s and a decrease in ∆µ with velocity above 10 µm/s.
For experiments at 50% and 100% RH, loading history has a significant influence
on µmax and µmin. For the velocity step sequence from 0.3 to 300 µm/s, µmax is always
higher when compared to the inverted sequence (from 300 to 0.3 µm/s). However, this
relation is not observed in dry experiments. The effect of loading history on µmin is more
complex. Data collected under humid conditions, 50% and 100% RH, show lower
friction values with increasing velocity (0.3 to 300 µm/s) than for the reverse velocity
history, whereas the opposite is true for dry conditions (Figure 2.6). Two general
observations can be made. First, the stick-slip parameter µmin shows a more consistent
variation with loading velocity under dry conditions when compared to wet conditions,
whereas the opposite is true for the stick-slip parameter µmax (Figure 2.6). Second, the
velocity dependence of stick-slip friction changes slope at ~ 10 µm/s. For dry conditions,
the stick-slip friction drop is independent of loading velocity for velocities ≤ 10 µm/s,
and ∆µ decreases with velocity above 10 µm/s (Figure 2.6c).
In general, for a given velocity, friction drop increases as the relative humidity
increases (Figure 2.7a). The stick-slip friction drop is largest for the slowest velocities
and the most humid conditions (Figure 2.7). The presence of water modulates the
influence of loading rate on stick-slip stress drop, with the largest differences in ∆µ for 1
and 100 µm/s occurring when RH = 100% (Figure 2.7).

Layer Thickness Evolution
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We report high-resolution measurements of layer thickness (Figure 2.4) to assess
the effects of elasto-plastic contact deformation, interparticle slip and volumetric layer
strain on frictional healing and stick-slip stress drop. We note that the resolution of the
DCDT used in this study (±0.1 µm), together with experiment reproducibility (Table 2.1),
indicates that our measurements are sufficient to accurately resolve observed changes in
layer thickness, which involve minimum layer dilations ≥ 2 µm.
We find that dilation is generally larger under the most humid conditions (Figure
2.7b), with the highest values of dilation observed at 100% RH. The presence of water
modulates the influence of loading rate on pre-seismic dilation, with the largest influence
of loading rate on ∆h occurring under the most humid conditions (Figure 2.7b). For dry
conditions, pre-seismic layer dilation is minimal and does not vary systematically with
loading velocity.
Loading velocity plays an important role in the evolution of layer dilation,
influencing both stick-slip recurrence interval (tr) and pre-seismic slip between events
(Figure 2.8). Layer dilation increases with increasing stick-slip recurrence interval
(Figure 2.8a), with the largest values of dilation observed for the longest tr. The smallest
values of Δh occur for the driest conditions (Figure 2.8). As RH increases, pre-seismic
dilation increases to values as large as 20 µm, which corresponds to a linear strain of
0.4%. We also show that, under the driest conditions, layers dilate the least and show the
smallest values of pre-seismic slip (Figure 2.8b). Dilation and pre-seismic slip increase
systematically with increasing humidity and stick-slip recurrence interval. Data from
experiments at higher humidity define the same trend of dilation vs. pre-seismic slip as
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those for drier conditions (Figure 2.8b), indicating that this trend is a property of the
granular layer.

Effect of Water Content on Morphology at Grain Contact Junctions
The post-deformation SEM analysis reveal that grains are intact and do not show
evidence of bulk fracture or comminution, which is consistent with expectations given
that the experiments were conducted at a normal stress (5 MPa) below the grain crushing
strength (Figure 2.9) [Mair et al., 2002]. Grain-to-grain contact area and morphology are
controlled strongly by the amount of water (RH) present in the system. For experiments
at 5% RH, contacts are characterized by an elliptical shape and sharp rim. Additionally,
contacts generally show a sub-rounded bulge on one side, representing plastic
deformation and material pile up (Figure 2.9b, c and d; Figure 2.13a). As relative
humidity increases to 50%, contacts assume a more circular morphology characterized
by: 1) well defined rims (Figure 2.9f and Figure 2.13b); 2) a bulge with wear tracks
indicating motion in one direction from the center of the contact (Figure 2.9f, g and
Figure 2.13b); and 3) depressions that propagate from the rim toward the center of the
contact (Figure 2.9g).
Under the most humid conditions, contact junction perimeters are almost perfectly
circular with a well-defined rim and no evidence for the bulge observed above (Figure
2.9l, m and n; Figure 2.13c). Humid conditions also produce a more mature system of
striations, than in the dry case, emerging from the center of the contact and pointing
consistently in one direction (Figure 2.9l). Qualitatively, grain-to-grain contact area
increases with increasing relative humidity (compare Figure 2.9d, h, and n).

19

Unfortunately, due to the continuous changes of shear velocity throughout experiments,
we cannot definitively associate a particular contact to a shear velocity, and thus we
cannot distinguish if the area observed was formed during long or short time of quasistationary contact between grains (i.e. recurrence time). However, during our analysis, we
focused our attention on identifying the largest contacts, which likely result from the
longest recurrence time.

Discussion

Laboratory studies and numerical simulations of frictional stick-slip have
proposed that water assisted chemical reactions act to restrengthen contact junctions after
failure [Rabinowicz, 1951, 1956; Dieterich, 1972; Scholz and Engelder, 1976; Dieterich
and Conrad, 1984; Frye and Marone, 2002b; Yasuhara et al., 2003, 2004; Li et al., 2011;
Zheng et al., 2012, 2013]. To understand the relationship between time-dependent
evolution of frictional healing and water-activated processes acting at grain junctions
during the seismic cycle, we focus on the evolution of stress drop (cast in terms of
friction) as a function of recurrence time, as a measure of the frictional healing rate (β =
Δµ/log(tr)). In addition, we analyze changes in layer thickness, which provide
information on the role of elasto-plastic deformation during aseismic creep. We combine
these analyses with microscopic observations to develop a micromechanical model for
shear deformation and frictional healing in granular fault gouge.
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Effect of Humidity on Frictional Strength and Healing Properties of Granular
Gouge vs. Bare Surfaces: Comparison With Previous Works
During the first stage of loading we found that elastic stiffness and peak friction
are influenced by the amount of water in the system. Gouges under nominally dry
conditions are stiffer but weaker (smaller µ at yield) than gouges at high relative
humidity. This result is in contrast with the observations of Dieterich and Conrad [1984]
showing the opposite relation for bare quartzite surfaces, at shearing velocities of 1 µm/s
and a normal stress of 1.7 MPa. Under humid conditions, they documented stick-slip
instabilities and positive frictional healing, and they interpreted their results in terms of
water-assisted chemical processes that induce plastic deformation and evolution of real
contact area. However, in their experiments, drying the system resulted in an increase in
frictional strength, suppressing time dependent strengthening and dynamic stick-slip, in
contrast with the results of this study. Similarly, Renard et al. [2012] studied the
frictional aging of glass/glass flat surfaces at room temperature under dry and wet
conditions. They showed, that under wet conditions, and for hold times up to 3000 s, the
frictional healing rate is characterized by near zero to negative values. However, drying
the system, caused an increase in frictional healing.
On the other hand, in accordiance with our observations, Frye and Marone
[2002b] documented an increase in frictional strength with increasing humidity in
granular quartz gouge, for a range of velocities similar to those used in our study but at
higher normal stresses. In light of these observations, we believe that the nature of the
shear zone (bare surfaces vs. granular gouge) is the most likely explanation for the
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observed differences in elastic stiffness and peak friction between bare surfaces and
granular gouge.
We propose that a combination of mechanical and water-assisted processes can
explain differences between the influence of humidity on friction of bare rock surfaces
and granular fault gouge. Hydrolubrication at asperity contact junctions acts as a
weakening mechanism on extended solid surfaces [Roberts and Tabor, 1970], which
explains lower frictional strength of bare rock under humid conditions [Dieterich and
Conrad, 1984; Renard et al., 2012]. Water assisted, thermally-activated plastic
deformation processes at asperity contacts can also explain the effect of humidity on
frictional healing rate for bare rock surfaces. The growth- or deformation-rate of asperity
contacts is low under dry conditions, which explains the observations of frictional healing
for bare rock surfaces. Of course, hydrolubrication processes also operate at granular
contact junctions; however friction of granular rolling [e.g. Marone et al., 2008] should
be independent of interparticle contact friction, which explains the observation that
steady-state friction is independent of humidity for granuar gouge [Frye and Marone,
2002b]. On the other hand, we expect that water-assisted processes will strengthen
contacts and promote shear of highly-stressed interparticle contacts in force chains, which
would increase the rate of frictional healing.

Frictional Healing and its Dependence on Humidity
Shearing rate is the primary control on stick-slip frequency (i.e. recurrence time)
showing an inverse power law relationship (Figure 2.4 inset). Our experiments show that
friction drop increases logarithmically with increasing recurrence time, in agreement with
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a time-dependent history of contacts controlled by humidity (Figure 2.7 and 2.10). Two
different rates for frictional healing emerge from our experiments: the first is associated
with time-dependent evolution of contact area at grain junctions (β1), and the second is
due to elastic-contact properties at grain-to-grain contacts (β2), controlled by the amount
of water available.
We observe a reduction of the frictional healing rate from β1 = 0.03 at 100% RH,

β1 = 0.029 at 50% RH, to β1 = 0.014 at 5% RH. Gouges under humid conditions are also
characterized by the largest values of pre-seismic dilation for the longest recurrence times
(i.e. longer quasti-static contact time), and show a logarithmic decrease with tr (Figure
2.8a). Pre-seismic dilation is nearly suppressed under dry conditions. The most likely
process that induces dilation within gouges is associated with time-dependent elastoplastic deformation at grain contacts, which controls the growth of contact area [Marone,
1998; Rossi et al., 2007; Renard et al., 2012]. These observations suggest that the longer
the grains are in contact, the larger the pre-seismic dilation (i.e. aseismic creep), during
which elasto-plastic deformation at grain junctions promotes granular contact growth,
resulting in higher amounts of frictional healing and a larger friction drop (Figure 2.11).
We also observe a secondary healing mechanism (β2) that can be attributed to the
different elastic interactions between particles as RH is varied in the system (Figure
2.10). We report a systematic decrease in recurrence interval, dilation and friction drop,
for a given shear velocity, in response to a decrease in water content, over the range of
velocities investigated. We propose that this secondary healing mechanism is induced by
drying the system, suppressing elasto-plastic deformation at grain contacts and thus
reducing contact area growth. Drying of the system results in stiffer, more brittle contacts
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that break easier under shear compared to compliant, tougher contacts generated by
plastic deformation at higher water contents. These observations suggest that timedependent, water-activated chemical reactions act as healing mechanism at grain contacts
during aseismic creep within granular gouges, controlling the evolution of grain-to-grain
contact area, and can be suppressed, or strongly limited, by dry conditions.

Contact Area Growth as a Mechanism for Gouge Strengthening
Our experimental results show that an increase in relative humidity promotes
gouge strengthening and increases in pre-seismic layer dilation (Figure 2.11). The
observed mechanical behavior can be attributed to time-dependent, water-activated
mechanisms that control the growth of grain-to-grain contact area. It has been
demonstrated that the contact area at asperity junctions grows with time when gouge is
under quasi-stationary contact [e.g. Dieterich and Kilgore, 1994, 1996; Renard et al.,
2012]. Time-dependent increases of asperity contact area cause the frictional resistance to
shear to increase, with an increase in the overall frictional healing rate [e.g. Marone,
1998; Nakatani and Scholz, 2004]. Different processes, acting at the microscale of grainto-grain contacts, can control the rate of contact area growth. It has been proposed that
plastic deformation [e.g. Griggs and Blacic, 1965], contact neck growth [e.g. Hickman
and Evans, 1991], contact neck growth and welding [e.g. Renard et al., 2012] or pressure
solution creep [e.g. Niemeijer et al., 2008; Gratier et al., 2014] are all processes that may
accomodate deformation at grain-to-grain contacts, depending on the surface reactivity
and P-T conditions. The availability of water in the system also plays a fundamental role
in activating such processes [e.g. Boquet et al., 1998; Losert et al., 2000].

24

Our SEM post-deformation images show that grain-to-grain contact area increases
as a function of relative humidity (Figure 2.9d, h and n). Moreover, we report indications
of pressure dissolution at high humidity, in the form of depressions propagating toward
the center of the contact (Figure 2.9g and l). However, we do not observe any precipitates
as indicators of recristallization. At the end of each experimental run, when the stress
field (τ and σn) is removed, due to the granular nature of the gouge, it tends to
disaggregate (Figure 2.9a, e and l). During this stage we may lose the finest particles that
may characterize the recrystallization products, and as a result we can interpret only the
remanent structures on the sheared grains. Furthermore, material that precipitates during
quasi-stationary contact (i.e. pre-seismic stage) could be destroyed during dynamic slip.
The shear striations we observe on the contact surface, may represent an indicator of
local creep during particle rolling (i.e. aseismic creep), for gouges deformed at RH = 50
and 100% (Figure 2.9l and 13b). These are not observed at RH = 5%. As the applied
normal stress was the same for each experiment (Table 2.1), we attribute the observed
evolution of grain-to-grain contact area to water-activated chemical reactions that control
its growth. The observation of increasing layer dilation and pre-seismic slip as a function
of humidity, also confirm that the presence of water promotes inelastic creep at grain-tograin contacts (Figure 2.8b). We propose that during the aseismic creep, an increase in
water availability activates time-dependent chemical reactions acting at grain contacts
that promote elasto-plastic deformation, leading to more contact area growth than in dry
conditions. The result is a higher frictional healing rate as a function of increasing
relative humidity (Figure 2.10). We also observe that the healing rate become nearly
constant once RH = 50% is surpassed (Figure 2.10), suggesting a saturation threshold at
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which silica surfaces becomes completely coated with water monolayers [Frye and
Marone, 2002a; Asay and Kim, 2005].

Micromechanical Model for Particle Contact Evolution During Shear
Particle interaction during stick-slip frictional sliding in a granular medium has
been described by the continuous formation and breakage of force chains (Figure 2.12)
[Cundall and Strack, 1979; Sammis et al., 1987; Morgan and Boettecher, 1999; Mair et
al., 2002; Aharonov and Sparks, 2002; Geng, 2003; Anthony and Marone, 2005; Johnson
et al., 2008; Samuelson et al., 2009; Tordesillas et al., 2012; Griffa et al., 2013]. During
shear loading, force concentrates along quasi-linear particle chains that carry the stress
[Majmudar and Behringer, 2005]. Force chains are complex structures, with branches
and sub-branches, and are separated by spectator grains that carry little or no stress
(Figure 2.12a). We propose that during shear, granular contacts forming force chains
undergo elasto-plastic deformation at the onset of pre-seismic slip (Figure 2.12b; see also
Figure 2.4). During this stage, interparticle friction induces grain rolling, until a critical
shear force and a favorable orientation for sliding at particle junctions are reached
[Morgan, 1999; Mair et al., 2002]. Particle rolling results in increasing the angle between
force chains and the shear zone wall, inducing macroscopic gouge layer dilation (Δh).
When the critical angle for failure (φf) (Figure 2.12b) [Mair et al., 2002; Johnson et al.,
2008] is reached, and maximum shear strength is approached (µmax), the particles start to
slide. The result is the misalignement and breakage of force chains, leading to dynamic
stick-slip failure of the entire layer, associated with abrupt compaction (Figure 2.12c).
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The load then shifts to more favorably-oriented particle contacts, forming a new set of
force chains, and the cycle starts over.
We posit that during the inter-seismic period, bonds at grain-to-grain contacts
strengthen, contact area grows and the favorable orientation for particle sliding increases
as a function of increasing humidity (Figure 2.13). Time-dependent water-assisted
mechanisms, acting at grain contacts during shear, control the evolution of real contact
area promoting plastic deformation via pressure solution processes (dissolutionprecipitation) [Hickman, 1991,1995; Yasuhara et al., 2003, 2004; Zheng et al., 2012,
2013]. During quasi-stationary contact, pressure solution acts as a three stage process: 1)
dissolution at grain interfaces, 2) diffusive transport and 3) precipitation at grain walls
(Figure 2.14) [Shimizu et al., 1995; Revil et al., 2001; Zheng et al., 2012]. During preseismic slip, as water content increases, pressure solution leads to the growth of contact
area and interparticle friction increases, favoring the rolling of grains, resulting in an
increase of the favorable orientation for sliding (φf) (Figure 2.13).
Our micromechanical model is supported by mechanical and post-experiment
SEM observations, which show an evolution of morphology with humidity. The outer
rims of contacts change from elliptical, continuous and well defined at RH = 5% (Figure
2.9c and Figure 2.13a) to irregular with evidence of mass removal by dissolution at RH =
50 and 100% (Figure 2.9g and l) associated with a wider contact area (Figure 2.9d, h and
n; and 2.13b, c). Our data also show that the longer the particles are in contact, and the
higher the water content in the system, the larger the contact area at grain junctions and
as a consequence, the larger the healing rate (β1). During pre-seismic creep, increasing
inelastic deformation induced by higher humidity generates more dilation via increasing
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the contact area at grain junctions (i.e. increase the critical angle for failure), resulting in
more compliant force chains capable of storing more elastic energy and generating larger
friction drops (Figure 2.11).

Conclusions

We have shown that relative humidity has a significant effect on micromechanical
deformation, frictional strength, and the rate of frictional healing in granular fault gouge.
We found that peak friction at yield increases and elastic stiffness decreases with
increasing humidity. Our results highlight differences between the frictional properties of
bare rock surfaces and granular fault gouges, and in particular the variation in frictional
strength and healing rate with relative humidity. We observed that the amount of preseismic dilation, pre-seismic slip and friction drop, all increase with increasing humidity
and logarithmically decrease with decreasing recurrence time. We also report two
different rates of frictional healing: 1) at a given humidity, stick-slip stress drop increases
logarithmically with increasing recurrence time (β1), and 2) at a given velocity, drying
the system suppresses elasto-platic deformation at contact junctions, leading to an
increase in elastic stiffness, which is manifested as smaller friction drops and shorter
recurrence times (β2). We report post-experiment SEM observations which show an
increase in the contact area at grain junctions with increasing humidity.
We propose a micromechanical model for granular fault gouge deformation where
time-dependent water assisted processes control the evolution of the contact area at grainto-grain contacts along force chains. During pre-seismic slip, the increased amount of
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water in the system activates pressure solution processes, leading the contact area to grow
with time. As a result, the longer the grains are in quasi-stationary contact, the larger the
contact area, which increases interparticle friction, which promotes greater interparticle
rolling. Higher interparticle friction leads to an increase of the angle for failure (φf) of
force chains, manifested in larger macroscopic layer dilation. Compliant deformation at
grain-to-grain contacts within force chains, in the presence of water, results in more
elastic energy stored, than in the dry case, manifesting in bigger friction drops. This
mechanistic model is supported by laboratory and field observations of strength recovery
on faults during the interseismic period.
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Figure 2.1. (a) Biaxial deformation apparatus and double-direct shear configuration. The horizontal
ram applies a constant normal force and the vertical ram drives shear at a controlled displacement rate.
Normal and shear displacement are measured via DCDTs mounted on each ram. (b) Sample assembly
composed of two gouge layers sandwiched between two stationary side blocks and a central forcing
block, each with grooves perpendicular to shear direction to inhibit boundary shear. Guide plates are
attached to the side blocks and a thin latex membrane covers the layer bottom. A sealed plastic membrane is used to control relative humidity around the sample. (c) Starting material. Top: SEM image of
glass beads before shearing. Bottom: Schematic of the granular particles and associated sense of shear.
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10
μm/s

0.3 - 300
μm/s
RH = 5%
p3476

RH = 100%
p3368

Figure 2.2. Complete run details showing coefficient of friction vs. shear displacement for
two representative experiments, one at 5% RH (p3476) and one at 100% RH (p3368).
Samples are sheared at a constant displacement rate of 10 µm/s for 5 mm after which
velocity step tests are performed for the range 0.3 to 300 μm/s. Both experiments show
repetitive stick-slip instabilities. Friction drops are much larger (up to 0.2) at 100% RH
than under drier conditions at 5% RH. For both experiments friction drop decreases as
shear velocity increases.
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a)

μmax10 μm/s

30 μm/s

μmax

μmin

Dilation

Line
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μmin
ar Tr
end

b)

Figure 2.3. Details of an experiment (p3359) at
50% RH showing friction (µ) and layer thickness
vs. shear displacement. (a) Stick-slip friction
drop decreases as shear velocity increases. (b)
Evolution of gouge layer thickness with shear.
Note that dilation occurs during stress build up
and compaction occurs upon failure and stress
drop. Inset shows layer thickness data for the 10
µm/s section after removing linear trend for
geometric thinning.

32

μmax

a)

k’

Δμ
Friction
Drop

Pre-Seismic
Slip

Dynamic
Slip

Pre-Seismic
Dilation

5 μm

Δh (μm)

b)

Co-Seismic
Compaction

Figure 2.4. (a) Details of the friction coefficient for
a stick-slip event. ∆µ is the dynamic friction drop
upon stick-slip failure. Shear stress increases
linearly during elastic loading, given by k’ = k/σn,
where k is stiffness of the apparatus given as shear
stress per shear displacement. Deviation from
linear-elastic loading marks the onset of inelastic
slip until a maximum strength (μmax) and failure. (b)
Evolution of layer thickness for the same stick-slip
event. Gouge layers dilate during inelastic creep and
then abruptly compact upon dynamic failure.
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μmax

a)

m = -1.1

μmin

b)

p3359
RH = 50%
v = 0.3 - 300 μm/s
s

Figure 2.5. Stick-slip friction parameters for
an experiment at 50% RH (p3359). Peak
friction μmax (Panel a), minimum friction μ
min (Panel b) and stick-slip recurrence interval tr (inset) as a function of shearing velocity. Panels a and b show all data for one
experiment and mean values. Note that μmax
decreases systematically and μmin increases
systematically as velocity increases. Recurrence interval decreases as loading velocity
increases (inset).
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μmax

a)

μmin

b)

0.3 - 300
μm/s

300 - 0.3
μm/s

RH = 5%

c)

RH = 50 %
RH = 100%

Figure 2.6. Stick-slip friction parameters as a function of humidity, shearing velocity, and
velocity history. (a) maximum friction, (b) minimum friction, and (c) friction drop (Δμ = μmax
- μmin) as a function of shearing velocity for each relative humidity investigated. Data points
represent mean values for 20-30 stick-slip events (see Figure 5). In black, we report the velocity sequence from 0.3 to 300 μm/s and in red the velocity sequence from 300 - 0.3 μm/s for
comparison. Note that μmax decreases with increasing velocity for RH ≥ 50% but is independent of velocity for the dry cases, whereas μmin increases with velocity for all cases. Experiments in which velocity was increased during the run (0.3 – 300 µm/s) tend to have higher
friction than experiments in which the velocity sequence was reversed (300 – 0.3 µm/s). Friction drop decreases systematically with increasing shear velocity and for runs at high RH (≥
50%), the friction drop is higher when velocity was increased (0.3 – 300 µm/s) compared to
when velocity was decreased (300 – 0.3 µm/s).
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a)

b)

v = 1 μm/s
v = 10 μm/s
v = 100 μm/s

Relative Humidity (%)

Figure 2.7. (a) Comparison of friction drop (Δμ) for three different velocities
(1-10-100 μm/s) as a function of relative humidity for the velocity sequence
0.3 to 300 μm/s. Δμ increases with increasing humidity for each shear velocity,
showing the maximum values at slow velocities (i.e. longer average contact
junction lifetime). (b) Evolution of pre-seismic dilation (Δh) as a function of
relative humidity for different velocities. Dilation increases with humidity for
all shearing velocities.

36

a)

0.3 - 300 μm/s

b)

RH = 5%

Dilation Δh (μm)

RH = 50 %
RH = 100%

Recurrence Time (s)

Pre-Seismic Slip (μm)

Figure 2.8. Granular dilation (Δh) as a function of (a) stick-slip recurrence time and (b) pre-seismic slip.
(a) Dilation increases with increasing recurrence time for all humidities. Maximum values of dilation are
observed at 100% RH. (b) Dilation increases with increasing pre-seismic slip. Runs at 100% RH show the
highest values of dilation. The three experiments seem to define a single relationship between dilation and
slip, with dilation increasing with increasing pre-seismic slip.
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a)

RH = 5%

b)

c)

d)

p3476

1 mm

100 μm

e)

RH = 50%
p3359

1 mm

f)

50 μm

i)

RH = 100%

20 μm

20 μm

g)

20 μm

l)

m)

h)

20 μm

n)

p3368

1 mm

100 μm

50 μm

20 μm

Figure 2.9. Post experiment SEM images of glass beads for each RH value and at the noted magnification. Panels a, e, i show the lowest magnification and indicate that beads show little evidence of bulk
crushing or comminution. Details of contact junction properties can be seen for each value of RH. Note
the evolution of contact junction shape from elliptical and shallow under dry conditions (panels b-d) to
rounded and deep with evidence of shear striations at higher RH (panels f-h and l-n). Contact junction
size increases with increasing RH%.
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0.3 - 300 μm/s
RH = 5%
RH = 50 %
RH = 100%

β1

Activation of water
assisted healing

β2

Figure 2.10. Stick-slip friction drop increases with recurrence time
as a measure of healing rate β1 = Δμ/log(tr). Note that β1 increases
from 0.014 at 5% RH (R2=0.902), to 0.029 at 50% RH (R2=0.953)
and 0.03 at RH = 100% (R2=0.908). For a given shearing velocity,
β2 represents the increase in friction drop and recurrence time as
RH increases. The different evolution of Δμ with tr highlights an
activation threshold for water assisted healing between the relative
humidities of 5 and 50%.
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0.3 - 300
μm/s

300 - 0.3
μm/s

RH = 5%
RH = 50 %
RH = 100%

RH = 100%

RH = 5%

Figure 2.11. Relation between stick-slip friction drop
and granular dilation for all humidities and velocities
investigated. Note that data for increasing velocity (0.3
to 300 μm/s) define the same trend as those for the
reverse velocity sequence (300 to 0.3 μm/s). Dilation
and friction drop increase with increasing relative
humidity.
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Shear Direction

Increasing shear displacement

Shear Direction

φf

h
1. Force chains form

a)

h
Δh
2. Pre-seismic creep
(elasto-plastic deformation within force chains)
b)

h
3. Dynamic failure
(force chains break)
c)

Figure 2.12. Schematic of deformation mechanisms during granular shear. Grains are shown
larger than actual size; inset to (a) shows true scale relative to surface roughness. Shaded
grains represent force chains. Note force chains that span the layer. (a) Force chains form
directly after a dynamic slip event. (b) With continuing shear, force chains deform elastoplastically due to rolling and interparticle slip, causing layer dilation. Once the maximum
strength and favorable orientation angle (φf) at grain contacts are reached, grains slide, force
chains break and dynamic failure propagates within the layer (c). The cycle is repeated for
each stick-slip event throughout the experiment.
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a)

RH = 5%

50 μm

φf
b)

20 μm

50 μm

φf

Increasing failure angle, φf

RH = 50%

Figure 2.13. Comparison of contact junction
deformation for different values of relative
humidity. SEM images (right) and a sketch (left)
for each humidity. (a) Real contact area evolution at a grain junction under relative humidity
of 5%. Note incipient contact junction associated with small interparticle shear angle (φf). (b)
At 50% RH, the contact junction is larger due to
chemically-assisted mechanisms at grain junctions. Contact strength is larger, favoring rolling
over sliding which causes greater dilation until
the preferred orientation for failure (φf) is
reached. (c) At 100% RH, water at grain junctions increases pressure solution and contact
growth rate, which enhances rolling and granular dilation. Grains sliding occur at a higher
interparticle friction angle, causing larger peak
friction and larger stick-slip stress drop.

20 μm

RH = 100%

c)

50 μm

φf

100 μm
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Shear Direction

Pressure Solution

τ

Dissolution

σn
Shear Direction

Diffusion
Precipitation

Figure 2.14. Schematic of chemically-assisted processes at contact junctions within
force chains. The sense of rolling during dilation and pre-seismic slip is indicated. Inset
illustrates how pressure solution may occur at grain-to-grain contacts during aseismic
creep. At the contact interface, stress induces dissolution, resulting in an increase in the
contact area. Increased humidity enhances dissolution, favoring chemically-assisted
plastic deformation at contacts.
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Experiment
Number
p3476

Shear Velocity
(μm/s)
0.3 - 300

Relative humidity
(RH%)
5%

p3331

0.3 - 300

5%

p3332

0.3 - 300

5%

p3359

0.3 - 300

50%

p3316

0.3 - 300

50%

p3317

0.3 - 300

50%

p3368

0.3 - 300

100%

p3444

0.3 - 300

100%

p3445

0.3 - 300

100%

p3448

300 - 0.3

5%

p3479

300 - 0.3

5%

p3480

300 - 0.3

5%

p3580

300 - 0.3

50%

p3581

300 - 0.3

50%

p3447

300 - 0.3

100%

p3619

300 - 0.3

100%

p3618

300 - 0.3

100%

Table 2.1. Experiment list and boundary conditions. All
experiments were done with a constant normal stress of 5
MPa and an initial gouge layer thickness of 5 mm.

44

Chapter 3

Poromechanics of Stick-Slip Frictional Sliding and
Strength Recovery on Tectonics Faults
Abstract
Tectonic faults often undergo aseismic creep during the inter-seismic phase of the
seismic cycle. However, the role of pore fluid pressure during earthquake nucleation and
dynamic rupture remains poorly understood. In order to investigate the evolution of pore
fluid pressure during the pre-seismic stage of the earthquake cycle, we performed
laboratory experiments on synthetic fault gouge in the stick-slip regime. We sheared
layers of soda-lime glass beads in a double-direct shear configuration within a pressure
vessel under undrained and drained boundary conditions. Effective normal stress (σ’n =
σn - Pp) was kept constant throughout the experiments at values of 5 and 10 MPa. Initial
layer thickness was chosen as 5 mm for each σ’n, and variations were monitored
continuously via an on board displacement transducer across the sample assembly. Shear
stress was applied via a constant displacement rate at the layer boundaries, and shearing
velocity was increased stepwise from 0.1 to 30 µm/s. Variations in pore fluid pressure
were measured under undrained conditions. We find that time-dependent strengthening
and dynamic stress drop increase with effective normal stress and depend on hydrological
boundary conditions. Under undrained conditions, the gouge layer’s dilation and preseismic slip are directly related to pore fluid depressurization. We find that they increase
with effective normal stress and recurrence time, suggesting that elasto-plastic wateractivated processes act at the grain junctions control the evolution of real area of contact
during shear. Microstructural observations confirm this hypothesis. These are key data
for understanding earthquake triggering and induced seismicity. Our findings suggest that
physico-chemical processes acting at grain junctions and associated with the evolution of
fluid pressure during shear, control aseismic creep and thus influence earthquake
nucleation and propagation.
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Introduction

The pore fluid pressure acting within the granular matrix forming fault gouge has
a strong control on the mechanical strength of crustal fault zones, via a variety of
interconnected mechanical and chemical processes. The shear strength (τ) of fault gouge
is best described by an equation of the form:
τ = µ (σn-Pp) (1)
where µ is the coefficient of friction, σn is the total applied stress normal to a shear
surface and Pp is the pore fluid pressure acting within the pore space of a granular gouge,
and modulating the σn. The effective normal stress (σ’n), acting within the fault gouge, is
a function of the normal stress (σn) and pore fluid pressure (Pp) [Hubbert and Rubey,
1959]:
σ’n = σn – Pp

(2)

It is immediately observed that variations in the pore fluid pressure, over all time scales,
have a direct control on the effective normal stress and so on the overall shear strength.
Different models have been proposed in order to couple the mechanical effect of pore
fluid pressure on fault strength during the seismic cycle. The fault-valve model proposed
by Sibson [1981; 1982] shows that the frictional strength and instability, on a
hydraulically isolated fault (i.e. undrained conditions), can be controlled by fluctuations
in the level of pore fluid pressure. Shear driven dilatancy can cause pore fluid
depressurization, increasing the effective normal stress, resulting in an increase of the
overall shear strength [e.g. Lockner et al., 1994; Samuelson et al., 2011]. On the other
hand, shear heating during dynamic rupture can increase the pore fluid pressure and thus
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decrease the shear strength [e.g. Andrews, 2002; Bizzarri and Cocco, 2006; Segall and
Rice, 2006; Garagash, 2012].
Concerning the granular matrix, time-dependent grain-to-grain contact aging can
increase interparticle frictional resistance, via increasing the quantity and quality of the
contacts [e.g. Dieterich and Kilgore, 1994; Marone, 1998; Frye et al., 2002, Rossi et al.,
2007; Renard et al., 2012]. Time-dependent chemical reactions, such as pressure
solution, at highly stressed grain-to-grain contacts can play an important role in
controlling the long-term shear strength along faults, by promoting aseismic slip (i.e.
creep) and leading to variations in time-dependent strengthening between earthquakes
[Chester and Higgs, 1992; Hickman et al., 1995; Bos and Spiers, 2002; Niemeijer et al.,
2010]. However, the effects of the interaction between the granular matrix and fluids on
the mechanics of brittle faulting are still poorly understood. For a tectonic fault zone, the
evolution of shear strength, during the inter-seismic stage of the seismic cycle, is partially
controlled by the pore fluid pressure and the state of drainage [e.g. Lei et al., 2011].
Seismogenic failure occurs when the shear stress, τ, reaches a threshold, or maximum
strength (τf), which is controlled by the rate of tectonic loading, micromechanical
deformation within the fault gouge and the pore fluid pressure.
Hydraulically isolated faults (i.e. undrained) are thought to be representative of
many natural fault zones worldwide that hosts major earthquakes [e.g. Sibson, 1992;
Kitajima and Saffer, 2012; Hirono et al., 2010; Hasegawa et al., 2011]. Field and
seismological observations also suggest that anomalous (i.e. near lithostatic) pore fluid
pressures are present at the base of the seismogenic zone [e.g. Sibson, 1992; Audet et al.,
2009]. In this context, understanding how the pore fluid pressure evolves during the inter-
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seismic stage of the seismic cycle, on undrained faults, is of primary importance because
pore fluid pressure can control the onset of dynamic instability, and recurrence of major
earthquakes, and thus have important implications for models of earthquake prediction	
  
[Chester,	
  1995;	
  Rubinstein,	
  2012a].
A conspicuous amount of experimental and theoretical work has been carried out
in order to characterize the micromechanics of deformation within fluid-filled granular
media [e.g. Lockner et al., 1994; Samuelson et al., 2011; Goren et al., 2011]. In
laboratory experiments, stick-slip frictional sliding is believed to represent an analog for
shallow focus earthquakes [e.g. Brace and Byerlee, 1966]. A feature that is commonly
observed during the “stick” phase, preceding dynamic instability (“slip”), is a significant
amount of premonitory slip (i.e. aseismic creep), for a variety of materials and boundary
conditions. During this aseismic creep, compaction or dilation drive the pore fluid
pressure to increase or decrease respectively, until τf is reached and dynamic slip
propagates. As proposed by Dieterich [1978], premonitory slip is an essential part of the
seismic cycle being a transitional stage from elasto-plastic strain accumulation to
dynamic slip and energy release [Scholz et al., 1972; Teufel and Logan, 1978]. The creepslip model proposed by Beeler et al. [2001a] shows that in order to model the small
repeating earthquake sequence at Parkfield, a relatively large amount of aseismic creep
during the inter-seismic period is needed. However, the mechanical processes that control
creep and how the stress field within fault zones evolves during the creeping stage of
faulting is still poorly understood. To our knowledge, only a few laboratory experiments
have been performed within a stick-slip frictional sliding regime under undrained
boundary conditions [Sundaram, 1976; Teufel, 1980]. They showed that coinciding with
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the onset of premonitory slip, the pore fluid pressure decreases, associated with dilation.
Teufel [1980] observed contact induced extension fractures developing from high stress
concentrations at asperity contacts, interpreting it as a mechanism for the observed pore
pressure decrease during the premonitory slip. However, both of these studies were
performed on bare rock surfaces in direct contact, without the presence of granular
gouge.
The aim of this paper is to explore the feedback processes between
micromechanical deformation at grain-to-grain contacts and the evolution of pore fluid
pressure during the inter-seismic stage of stick-slip frictional sliding. We focus on the
roles that shear induced dilatancy and pore fluid depressurization have on the aseismic
creep, stress drop magnitude and recurrence time for a hydraulically isolated
experimental fault.
	
  

Experimental Methods

We performed double-direct shear experiments in a biaxial deformation apparatus
equipped with a pressure vessel, to allow a true-triaxial stress field (Figure 3.1). A servohydraulic fast acting horizontal ram is used to apply normal stress to the sample and
maintain it constant throughout the experiment via a load-mode feedback control.
Similarly, a servo-hydraulic vertical ram, operated in a displacement rate feedback
control, is used to apply a shear velocity. Forces are measured using two custom-built,
beryllium-copper, strain gauged load cells with an amplified output of ±5 V and an
accuracy of ±0.1 kN. Displacements are measured via Direct Current Displacement
Transducers (DCDT’s), with an accuracy of ±0.1 µm, and positioned between the moving
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ram and the fixed biaxial frame (Figure 3.1). A Linear Variable Differential Transformer
(LVDT) was positioned inside the pressure vessel, across the gouge layers, to more
accurately measure horizontal displacement during sample deformation, avoiding
artifacts from the external DCDT associated with piston friction (Figure 3.2). Load point
displacement measurements are corrected for the stiffness of the testing apparatus, with
nominal values of 0.5 kN/µm for the vertical frame and 0.4 kN/µm for the horizontal
frame. The pressure vessel is accessed via removable front and rear doors. On the top and
side of the main vessel body, two ports, sealed with dynamic O-rings, allow the vertical
and horizontal ram to reach the sample (Figure 3.1) [see Samuelson et al., 2009 for
details]. Additional ports on the top of the pressure vessel allow for connection between
the sample assembly and up- and down-stream pore fluid pressure intensifiers (Ppa and
Ppb respectively) (Figure 3.2). A supplementary port on the back door connects the
pressure vessel with the confining pressure intensifier (Pc) (Figure 3.2). Pore fluid and
confining pressure are servo-controlled using fast-acting hydraulic servocontrollers.
Confining pressure is applied using a non-toxic, hydrogenated, paraffinic white oil
(XCELTHERM 600, Radco Industries), and maintained constant throughout the
experiment in a load-mode feedback control. Pore fluid pressure is applied using de-aired
water, and monitored using in-line diaphragm pressure transducers accurate to ±7 kPa
(Figure 3.2). In order to achieve fully undrained boundary conditions and accurately
measure variations in pore fluid pressure during the experiments, the pore fluid pressure
transducers were positioned on the top of the pressure vessel (Figure 3.2). They were
separated from the gouge layers by 1mm diameter steel lines with a total length of 923
mm, corresponding to a total volume of water of 2.9 cm3. In order to isolate the system
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from the intensifiers, we used two valves (SS-41GS2 2500 psig) connected in series with
the pressure transducers (Figure 3.2). We recorded data using a 24-bit ±10V, 16-channel
simultaneous analog-to-digital converter at a rate of 10kHZ, which was then averaged to
obtain sampling rates between 1Hz and 10kHZ.

Starting Material and Sample Preparation
We sheared layers of granular fault gouge in a double direct shear configuration
(Figure 3.2 and 3.3). Gouge layers were composed of smooth, soda-lime glass beads
(GL-0191) purchased from Mo-Sci Rolla Missouri (Figure 3.3a). Chemical composition
(by weight) was: silica 65-75%, sodium oxide 10-20%, calcium oxide 6-15%, magnesium
oxide 1-5% and aluminum oxide 0-5%. Particle size analysis revealed a mass median
diameter (d50) of 124 µm, a d10 of 106 µm and d90 of 148 µm (i.e. d10 and d90
represent the size of particles of which 10 or 90% of the sample is below the reported
size) (Figure 3.3b). Glass beads have been widely used in previous experimental work, as
they show highly reproducible stick-slip frictional sliding [Loosert et al., 2000; Mair et
al., 2002; Savage and Marone, 2007, 2008; Johnson et al., 2008, 2013; Leeman et al.,
2014]. A second advantage in using this material is that they allow us to accurately
analyze the resulting post experiment grain morphology [Rossi et al., 2007].
The double direct shear configuration consists of a three-block assembly, with a
central forcing block and two stationary side blocks (Figure 3.3c). Forcing blocks are
constructed from hardened steel, and equipped with internal channels, which provide
access and flow paths for fluids. Sintered stainless steel porous frits (k~10-11m2) are
positioned within depressions in the forcing blocks, and used to homogenously distribute
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fluids across the gouge layers (Figure 3.3c). Frits were pre-stressed to a value above the
maximum target stress for this study, and machined to obtain grooves 0.8 mm in height
and 1mm spaced, oriented perpendicular to the shear direction in order to localize shear
within the gouge layers [Anthony and Marone, 2005; Marone et al., 2008].
Gouge layers were prepared using a precise leveling jig in order to obtain a
uniform and reproducible layer thickness of 5 mm and 5.4 cm × 6.2 cm nominal contact
area. Once the gouge layers were prepared, and the side forcing blocks secured to the
central block, the assembly (gouge layers + forcing blocks) was jacketed in order to
isolate the sample from the confining medium. The jacket consist of three main parts: 1) a
thick (~4 mm) flexible rubber membrane, 2) two layers of latex rubber sheet and 3) two
layers of a custom made latex boot that covers the entire sample assembly [see Scuderi et
al., 2013 for details]. The jacketed sample assembly was then sealed at the position of the
rubber O-rings (Figure 3.3c), tubing for fluid access was connected, and the sample
placed in the pressure vessel (Figure 2).

Experimental Procedure
Experiments were conducted at two different values of effective normal stress
(σ’n = σn+(0.539Pc)-Pp), 5 and 10 MPa, under nominally undrained boundary conditions
(i.e. constant water volume) (Table 3.1). For comparison purposes, we ran a series of
drained experiments at the same boundary conditions (Table 3.1). Values of effective
normal stress were chosen in order to operate within a non-fracture loading regime for
glass beads [Mair et al., 2002; Mair and Abe, 2011]. Each experiment started by applying
a small normal force to the sample via the horizontal piston, initially controlled in a
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displacement mode feedback control and subsequently switched to load-mode feedback
control. We waited until initial layer compaction had stabilized and a reference value for
layer thickness was taken. At this stage the pressure vessel was closed, filled with oil, and
a small confining pressure of 2 MPa was applied. An up-stream pore pressure (Ppa) of 1
MPa was then applied, keeping the down-stream pore pressure (Ppb) side open to the
atmosphere, until flow-through was established. A vacuum pump was then connected to
the Ppb line, in order to remove all the air within the sample. Once we ensured that gouge
layers were fully saturated, the down-stream pore pressure line was connected to the
intensifier and the system left to equilibrate. Stress field (σn, Pc, Pp in this order) was
subsequently increased to the target values of 5 or 10 MPa, and a leak inspection was
performed. At this stage, we closed both valves to achieve an undrained boundary
condition (i.e. constant water volume), and measure variations in pore fluid pressure via
pressure transducers (Figure 3.2). For experiments performed under drained boundary
conditions, the valves were left open and water free to move in and out the sample. Leak
tests were performed on the system (intensifiers + pore pressure lines), before the
experiments, and revealed no leak from Ppa and a leak of 0.00014 cm3/s from Ppb, which
was used to correct the data. The vertical ram was then moved down in a displacementmode feedback control, applying force on the central block and consequently inducing
shear within the gouge layers. Data were subsequently corrected to take in account for
elastic compaction of the rubber jacket and rubber strength. At the end of each
experiment a final leak inspection was performed, the system depressurized and the
sample carefully removed from the pressure vessel. Once the jacket was removed,
material from the gouge layers was collected for further microstructural analysis via a
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Scanning Electron Microscope (SEM).
For a given boundary condition, each experiment was repeated multiple times in
order to test the reproducibility of the results (Table 3.1). Stick-slip events, within each
experiment, were analyzed using a picker code associated with a second running average
slope code. The last takes the first derivative of the shear stress vs. displacement curve
allowing us to obtain accurate values for elastic stiffness (k) and the onset of aseismicslip (i.e. deviation from linear-elastic) [courtesy of John Leeman]. The picker was
designed to pick the maximum and minimum shear stress for each event and the
correspondent values of recurrence time, layer dilation, pore fluid pressure and preseismic slip. To check the accuracy of the values obtained from the codes, a visual
inspection was then performed, by comparing with raw data. In the following sections we
report data as the mean value and statistical variability, with error bars calculated by
using a standard error of the mean (SEM) method.

Results

Stick-Slip Anatomy on a Laboratory Fault
Each experiment was conducted following a common computer-controlled
displacement history. Shear load begun with an initial phase at 10 µm/s for ~6 mm, to
both compress the jacket rubber and localize shear within the gouge layers (Figure 3.4a).
During this stage shear stress (τ) increases linear-elastically until an inelastic yield point,
after which, stick-slip instabilities start to propagate and τ stabilizes to a mechanical
steady state, as constant maximum (τmax) and minimum (τmin). A series of velocity steps,
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from 0.1 to 1 µm/s or 1 to 30 µm/s, was then performed in order to assess time-dependent
evolution of gouge strength (Table 3.1) (Figure 3.4).
Laboratory stick-slip events can be described by a typical three stage loading
history (Figure 3.5). Initially, shear stress increases linearly with shear displacement,
during the elastic loading, characterized by stiffness k [MPa/µm] (Figure 3.5a). During
this stage layer thickness (h) shows no to minor dilation, suggesting elastic deformation
at grain-to-grain contacts. Deviation from the linear-elastic behavior marks the onset of
plastic strain (i.e. aseismic creep), during which, the gouge layer dilates (Δh), suggesting
elasto-plastic deformation at grain contacts (Figure 3.5a and b) [Anthony and Marone,
2005]. We define pre-seismic slip as the amount of motion that occurs during the
aseismic creep stage prior to failure. During pre-seismic slip, inelastic deformation causes
pore space to increase (i.e. layer dilation), and the pore fluid pressure to decrease (ΔPp),
causing an overall increase of the effective normal stress (σ’n = σn – Pp) acting within the
gouge layers (Figure 3.5c). Once the maximum shear strength is reached (τmax), dynamic
failure and slip occurs (co-seismic slip), causing stress to drop to a residual value (τmin)
and abrupt compaction of the gouge layers associated with an increase in pore fluid
pressure (Figure 3.5).
Consistent with previous studies, we observe that stress drop (Δτ = τmax–τmin),
inter-event recurrence time (tr), and layer thickness (h) vary systematically with shear
velocity (Figure 3.4b and c) [Mair et al., 2002; Anthony and Marone, 2005; Savage and
Marone, 2007; Leeman et al., 2014]. We show that upon a sudden increase in velocity,
the magnitude of stress drop decreases (Figure 3.4b left hand panel), and the frequency of
events increases (i.e. inter-event time decreases) (Figure 3.4b right hand panel). Gouge
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layer thickness (h) also shows a strong dependence on shear velocity (Figure 4c left hand
panel). Due to our sample geometry, gouges undergo geometrical layer thinning with
continuous shear. In order to accurately determine variations in layer thickness associated
with each stick-slip event, we corrected data collected from the LVDT for the overall
layer thinning by removing the linear trend for thinning (Figure 3.4c right hand panel)
[Scott and Marone, 1998; Samuelson et al., 2009]. We report that for a series of multiple
events, at constant shear velocity, the amount of pre-seismic dilation and co-seismic
compaction do not vary significantly with displacement. An increase in shear velocity
results in pre-failure dilation and dynamic compaction to decrease, scaling directly with a
smaller stress drop and shorter inter-event recurrence interval.

Time-Dependency of Stick-Slip Stress Drop
We report that the imposed loading velocity (VL) has a systematic control on the
stick-slip inter-event recurrence time (tr), showing a relationship of the form [Beeler et
al., 2001b]:
VL = C trn

(3)

where C is a scaling constant and n the power law exponent. For our experiments n is
characterized by values of n = - 0.87 (undrained) and -0.89 (drained) when σ’n = 5 MPa,
and n = -0.84 (undrained) and -0.91 (drained) at σ’n = 10 MPa (Figure 6). A relation of
the form (Equation 3) implies that the slower the imposed shear velocity, the longer the
resultant recurrence time between events [e.g. Karner and Marone, 2000].
When gouges are sheared under undrained boundary conditions, we observe that
the stress drop (Δτ) increases as a function of recurrence time, and its magnitude is

	
  

56

controlled by the applied effective normal stress (Figure 3.7). In general, Δτ is smaller for
experiments at σ’n = 5 MPa (0.2 MPa < Δτ< 0.5 MPa), compared to the σ’n = 10 MPa
case, where 0.4 < Δτ < 1.1 MPa. For a given effective normal stress, the evolution of
stress drop with recurrence time can be described by a two stage history: 1) for the
longest recurrence times (i.e. slowest velocities) the magnitude of stress drop is the
greatest and is constant until a characteristic shear velocity of 3 µm/s when the σ’n is 5
MPa, and 1 µm/s at σ’n = 10 MPa; and 2) an evolution to a log-linear decrease as
recurrence time decreases (i.e. velocity increases), with rates of 0.13 MPa/decade at σ’n =
5 MPa and 0.23 MPa/decade at σ’n = 10 MPa. The observed behavior changes when
gouge layers are sheared under drained boundary conditions, with stress drop and
recurrence time always smaller than its equivalent case under undrained boundary
conditions. Stress drop decreases log-linearly with decreasing recurrence time at a rate of
0.07 MPa/decade at σ’n = 5 MPa and 0.09 MPa/decade when σ’n = 10 MPa, a decrease of
a factor of 1.2 and 1.4 respectively, when compared with the undrained case.

Evolution of Pore Fluid Pressure During the Pre-Seismic Creep
We report high-resolution measurements of layer dilation during the stick-slip
cycle in order to assess time-dependent elasto-plastic deformation and the correspondent
evolution of the pore fluid pressure. We find that the magnitude of pre-seismic dilation
and pore fluid depressurization is controlled by the effective normal stress and scales
directly with the magnitude of stress drop (Figure 3.8, 3.9 and 3.10). In Figure 3.8 we
report typical curves for shear stress, layer thickness and pore fluid pressure at a constant
velocity of 3 µm/s for gouges deformed at σ’n = 5 and 10 MPa. Our data show that gouge
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deformed at σ’n = 5 MPa is characterized by an initial stage of constant layer thickness,
suggesting elastic deformation at grain-to-grain contacts. As the stress builds up and
deviates from linear-elastic behavior, the gouge begins to dilate and the pore fluid
pressure to drop until dynamic failure occurs and the cycle starts again. Conversely, when
gouge is deformed at σ’n = 10 MPa, we document a significant increase in gouge dilation
directly related to a larger pore fluid depressurization (Figure 3.8). Details of typical
curves for single stick-slip events, are reported in Figure 3.9 for constant σ’n of 5 MPa
and different velocities (0.1 and 1 µm/s), and Figure 3.10 for different effective normal
stresses (5 and 10 MPa) and at a constant velocity (1 µm/s). Stick-slip characteristics are
modulated by the shear velocity, with the shear strength and pre-seismic slip depending
on the recurrence time (i.e. shear velocity), and decreasing accordingly with tr (Figure
3.9a). During aseismic creep, the gouge layer dilates (Figure 3.9b), and pore fluid
pressure decreases (Figure 3.9c), both showing a non-linear relationship with the shear
stress, once a maximum threshold of τ is reached. On the other hand, we observe a linear
relationship between pore fluid depressurization and layer dilation, as the longer the
gouge layers are under quasi-stationary contact, the more dilation and the larger the pore
fluid depressurization (Figure 3.9d). For a given shear velocity, we show that the
effective normal stress controls the magnitude of shear strength, with the pore fluid
depressurization and layer dilation increasing as σ’n is increased (Figure 3.10).
Furthermore, we report that the characteristic trends described above for the evolution of
τ, Pp and h do not change as a function of σ’n (Figure 3.10).
In general, when the pre-seismic pore fluid depressurization (ΔPp) is plotted as a
function of gouge layer dilation (Δh) for entire range of velocities explored, we report
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that gouge deformed at σ’n = 10 MPa always show a larger Δh and ΔPp when compared
with the σ’n = 5 MPa case (Figure 3.11a). For a given effective normal stress, the amount
of pre-seismic dilation and pore fluid depressurization, are controlled by the loading
velocity (i.e. recurrence time), showing the largest amount of Δh and ΔPp at the slowest
velocities. As shear velocity is increased both dilation and pore fluid depressurization
decrease accordingly (Figure 3.11a). A similar relationship is observed between the preseismic slip and ΔPp, with the gouge that is deformed at σ’n = 10 MPa, showing the
greatest amount of pre-seismic slip, associated with the largest pore fluid
depressurization, for the longest recurrence times (Figure 3.11b). Dilation and preseismic slip decrease systematically with decreasing recurrence time, showing the largest
values when gouge layers are deformed at σ’n = 10 MPa (Figure 3.12).

Post-Shear Contact Morphology
At the end of each experiment, gouge layers were carefully removed from the
jacketed sample assembly and the resulting material collected for SEM microscope
analysis. Grain-to-grain contact area and morphology are strongly controlled by the
applied effective normal stress (Figure 3.13 and 3.14). Figure 3.13 shows detailed images
of post-experiment glass beads along with grain size distribution analysis for experiments
performed at effective normal stress of 5 MPa. We note that grains do not show
evidences of bulk comminution as expected from the chosen stress conditions (Figure
3.13a). Particle size analysis reveal a post-experiment d50 of 120±2 µm, comparable with
the d50 = 124µm of the starting material (Figure 3.13f). Grain-to-grain contact
morphology is mainly characterized by a circular shape, with diameter of 30 to 40µm,
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with a well-defined outer rim (Figure 3.13b and c). On each contact we observe a welldeveloped system of striations, propagating from one edge of the contact toward the
center (Figure 3.13b and c). Antithetic to the striations system, we observe a fractured
zone (Figure 3.13b, d and e), and the presence of fine-grained material (Figure 3.13d and
e). Grain-to-grain contact area and morphology change when granular layers are
deformed at an effective normal stress of 10 MPa (Figure 3.14). Grain size is still
representative of the undeformed material, with the majority of the grains presenting a
spherical shape (Figure 3.14a). Particle size analysis shows a d50 of 113±2µm, which is
slightly smaller compared with the d50=124µm of the undeformed material (Figure
3.14f). We also document a decrease of the d10 from 106µm, of the starting material, to
22±1µm, which represent the finer particles shown in Figure 3.14a. Grain-to-grain
contact morphology is characterized by an elliptical-like shape, with a well-defined outer
rim and a diameter of ~100 to 120µm (Figure 3.14c and e). Striations develop from the
outer rim to the center of the contact (Figure 3.14b and e). Opposite to the striations, we
observe a highly fractured area, which extend on one side of the contact, forming a bulb
like shape, where finer particles, with size comparable with the d10 reported above, are
present (Figure 3.14c and e). Unfortunately, due to the repetitive change in shear
velocity, we cannot associate a contact with a particular velocity. However, during our
analysis we focus our attention on the largest contacts, which are likely to form during
the longest recurrence time.
	
  
Discussion

Time-Dependent Strengthening and its Control on Dynamic Stress Drop
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We find that loading rate (VL) exerts a primary control on the recurrence time (tr)
of stick-slip events, showing an inverse power law relationship (Figure 3.6).
Seismological observations as well as experimental studies have shown that this type of
relationship can be applied to a variety of natural seismic sequences and laboratory data
[e.g. Marone et al., 1995; Karner and Marone, 2000; Beeler et al., 2001a]. The exponent
n in equation (3) reveals details on a fault’s time-dependent strengthening [Beeler et al.,
2001b]. When n = -1, a one to one relationship between recurrence time and loading
velocity is predicted, which implies that no time-dependent strengthening is expected. If
time-dependent strengthening controls the failure strength, then an exponent n > -1 is
expected. Our results show that n is always somewhat larger than -1, implying that during
the inter-seismic stage of stick-slip sliding, gouge layers undergo time-dependent
strengthening, controlled by the effective normal stress and hydrological boundary
conditions (Figure 3.6). Under undrained boundary conditions, we observe that n
increases from -0.87 to -0.84 when the σ’n is increased from 5 to 10 MPa, implying that
time-dependent strengthening increases as the effective stress is increased. For a given
normal stress, we observe that under drained conditions n is always closer to -1 when
compared to values obtained under undrained conditions. From these observations, we
posit that undrained boundary conditions favor time-dependent strengthening, which
becomes greater as effective normal stress is increased. Similarly, when the stress drop is
plotted as a function of recurrence time, we show that: (1) for a given effective normal
stress, gouge deformed under drained boundary conditions is characterized by a smaller
stress drop when compared to the undrained case, with this difference being more evident
at σ’n = 10 MPa (Figure 3.7); (2) For a given hydrological boundary condition (i.e.
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drained or undrained), the gouges deformed at 10 MPa show a larger stress drop than the
5 MPa case (Figures 3.7, 3.8 and 3.10a). A combination of mechanical (i.e. changes in
pore fluid pressure) and chemical processes, can control granular deformation within
gouge

layers,

increasing

time-dependent

strengthening

during

quasi-stationary

deformation (i.e. aseismic creep), which reflects in larger dynamic stress drop and longer
recurrence time.

Growth of Grain-to-Grain Contact Area
SEM post-experiment observations revealed that the grain-to-grain contact area
increased as a function of effective normal stress, and is characterized by: 1) a well
developed system of striations propagating toward the center of the contact, likely to be
indicative of grain rolling in the sense of shear during the aseismic creep (Figures 3.13c
and 3.14e) [Marone et al., 2008]; 2) a central non slipping zone, showing no signs of
deformation (Figures 3.13c, d and 3.14e); and 3) a fractured area, antithetic to the
direction of the striations, and characterized by finer particles, that probably represent the
signature of precipitates due to chemical reactions (Figures 3.13d, e and 3.14c).
Unfortunately, due to the techniques used for the SEM investigation (i.e. gold coat), we
cannot perform any chemical spot analysis (ESD) in order to characterize the finer
particles. A variety of mechanisms have been proposed for time-dependent growth of
contact area at grains junctions; such as plastic deformation [Griggs and Blacic, 1967],
contact neck growth and welding [Hickman and Evans, 1991; Renard et al., 2012], and
pressure solution creep [Niemeijer et al., 2008, 2010; Gratier et al., 2014]. Timedependent growth of grain-to-grain contacts causes the interpartice friction to increase,
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which is reflected in a higher shear strength [Marone, 1998; Nakatani and Scholz, 2004].
Stress enhanced pressure solution creep, during aseismic creep, can act as a mechanism
for time-dependent gouge strengthening, by increasing the contact area at grain junctions
(Figures 3.13 and 3.14) [e.g. Hickman et al., 1995; Niemeijer et al., 2008]. We posit that
during the aseismic creep, increasing shear displacement causes interparticle rolling and
elasto-plastic deformation, resulting in aseismic-slip (Figure 3.15aC1, bC1). As a result
stress will increase in the opposite direction of the contact (Figure 3.15aC2, bC2). Microslips associated with microfractures at the tip of the contact junctions, can further
increase the contact area, promoting more aseismic creep until a favorable orientation for
sliding (φf) is achieved and catastrophic failure occurs (Figure 3.15b, c) [Morgan, 1999;
Johnson et al., 2013; Ferdowsi et al., 2013]. This process is enhanced when the effective
normal stress is increased from 5 to 10 MPa, due to (Figure 3.15d, e): 1) a larger contact
area, 2) an evolution in the contact shape, from sub-rounded (5 MPa) to an elliptical-like
shape that expands in the direction of shear (10 MPa); and 3) a more mature system of
fractures at σ’n = 10 MPa. Furthermore, from the mechanical data presented above,
showing an increase in time-dependent strengthening (Figure 3.6) and stress drop
magnitude (Figure 3.7) as a function of the hydrological boundary conditions (Figures 3.6
and 3.7), we posit that pressure solution creep is favored when the gouge layers are
sheared under undrained conditions.

Influence of Pp and Δh on Pre-Seismic Slip
We report that layer dilation and pre-seismic slip show a direct relationship with
pore fluid depressurization. During the pre-seismic stage of stick-slip, both quantities
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increase as a function recurrence time (Figure 3.9). For a given effective normal stress,
we document that the longer the gouge layers are under quasi-stationary contact (i.e.
aseismic creep), the larger the dilation, the longer the pre-seismic slip, and the larger the
pore fluid depressurization (Figures 3.8, 3.10 and 3.11). We also observe that an increase
in effective normal stress from 5 to 10 MPa, causes Δh, pre-seismic slip and pore fluid
depressurization to all increase (Figure 3.11). The most likely process that induces gouge
layers to dilate during the pre-seismic period of the stick-slip cycle is time-dependent,
elasto-plastic deformation at grain-to-grain contacts [e.g. Mair et al., 2002; Anthony and
Marone, 2005]. It has been shown that under quasi-stationary contact, the area at grains
junction grows with time due to physicochemical processes [e.g. Rossi et al., 2007,
Renard et al., 2012; Gratier et al., 2014]. A wider contact area increases the interparticle
frictional resistance to shear, inducing more pre-seismic dilation. Our mechanical
observations of time-dependent layer dilation and pre-seismic slip are in good agreement
with the microstructures at grain-to-grain contact presented above, as we show that the
more the gouge layer dilates, the longer the pre-seismic slip, due to an increase in area at
grain-to-grain contacts (Figure 3.12).
We posit that pore fluid depressurization, and the consequent increase in the
effective normal stress, can enhance stress at grains contacts, inducing more growth of
contact area. A larger contact area increases time-dependent elasto-plastic deformation
(i.e. aseismic creep), favoring time-dependent strengthening (Figure 3.6). In this context a
series of feedback processes between pore fluid depressurization and elasto-plastic
deformation at grain-to-grain contact, during aseismic creep, control the amount of preseismic slip and the magnitude of dynamic stress drop by controlling the growth of
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contact area.

Implications for Fault Zones and Earthquake Prediction Models
Our observations find important implications for possible deformation
mechanisms that can control time-dependent phenomena associated with shallow crustal
earthquakes. The dilatancy/fluid diffusion hypothesis, raised from seismological and
laboratory observations, assumes fluid redistribution associated with stress dependent
dilatancy and microcracks, during the seismic cycle [Scholz, 1973; Sibson 1994; Hickman
et al., 1995]. Rubinstein et al., [2011,2012] analyzed laboratory earthquakes with the slipand time- dependent model over the null hypothesis of constant slip and/or perfect
periodicity. They found that both models do not improve the description of earthquake
behavior, because they oversimplify very complex processes that control the evolution
fault gouge strength during the earthquake cycle.
Our experimental observations reveal that time- and stress- dependent dilatancy,
associated with variations in pore fluid pressure, under undrained conditions, enhance
time-dependent strengthening and increase stress drop magnitude. Pressure solution creep
may play a fundamental role in controlling aseismic creep and thus the recurrence time of
faulting events. In this context, hydrological boundary conditions associated with stress
dependent micromechanical processes during the aseismic creep must be taken in account
when formulating models for earthquake prediction, because they can strongly control the
evolution of shear strength and dynamic stress drop.
Although, the material used in our experiments, silica glass beads, cannot be fully
considered representative of crystalline rocks and their associated deformation
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mechanisms, even if the chemical composition of glass beads (~75% silica) is very
similar to quartz, we think that our observations can be used as a proxy for a better
understanding of the micromechanical processes affecting stick-slip recurrence and stress
drop, in order to improve existing models of earthquake prediction.
Summary

We have shown that time-dependent strengthening and stress drop magnitude are
controlled by the effective normal stress and depend on hydrological boundaries
conditions. When gouge layers are deformed under undrained boundary conditions, timedependent strengthening and the magnitude of stress drop increase, when compared with
drained conditions. We observed that under undrained conditions, the amount of gouge
layer dilation, pore fluid depressurization and pre seismic-slip are all directly related,
increasing as a function of effective normal stress and decreasing as a function of
recurrence time. Post-experiment SEM observations revealed that grain-to-grain contact
area increases as a function of effective normal stress, and its evolution is controlled by
pressure solution creep. We propose that under undrained conditions, a series of feedback
processes between pore fluid depressurization and stress enhanced pressure solution
creep control time-dependent elasto-plastic deformation at grain-to-grain contacts. As a
result, the longer a gouge layer is under quasi-stationary contact (i.e. aseismic creep), the
more the layer dilation and pore fluid depressurization. Both these quantities are
controlled by the growth of contact area, resulting in more time-dependent strengthening
and larger stress drops than under undrained conditions. Our observations find important
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implications for shallow crust earthquake prediction models and theoretical models of
granular deformation.
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Figure 3 . 1 Schematic representation of the biaxial deformation apparatus in a doubledirect shear configuration, within a triaxial pressure vessel. The horizontal and vertical
rams are used to apply normal stress and shear stress respectively.

68

Open/Close
Valves
Pore
Pressure
Transducers

Confining
Pressure
Transducer

Internal lvdt

DCDT

Pc

DCDT

Ppu

DCDT

Ppd

Pressure Intensifiers

Figure 3.2. Experimental configuration used for this study, showing the sample assembly
placed within the triaxial pressure vessel shown in Figure 3.1. A high resolution LVDT is
fixed across the sample assembly in the pressure vessel and used to measure gouge layer
thickness changes throughout the experiment. Represented on the right are the pressure
intensifiers used to apply confining pressure (Pc), up-stream (Ppu) and down-stream (Ppd)
fluid pressure. Fluid pressure is measured using pressure transducers placed on top of the
pressure vessel and connected in series with valves in order to achieve undrained
boundary conditions and contemporaneously measure variations in fluid pressure.
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Figure 3.3 Starting material and experimental sample assembly. (a) SEM image of
undeformed glass beads used in this study. (b) Particle size distribution analysis where
the quantities d50 and d10 represent the mass median diameter of 124 μm and the size of
particles for which 10% of the sample volume is below the size of 106 μm respectively.
(c) Sample assembly for double-direct shear configuration. In black, stainless steel
forcing blocks equipped with conduits for fluid flow (light gray). The two side blocks are
connected to a down-stream fluid reservoir and the central block to an up-stream fluid
reservoir. Sintered porous frits, positioned in depressions within the forcing blocks, are
used to homogenously distribute fluids within the gouge layers.
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Figure ͵.4 (a) Representative curve for a typical experiment showing shear stress as a
function of shear displacement. Each experiment is characterized by a first stage at
constant shear velocity of 10 μm/s, after which a sequence of velocity steps from 0.1 to 1
or 1 to 30 μm/s was performed. (b) Details of stick-slip evolution across a velocity step
from 3 to 10 μm/s (gray box in (a)). Left hand side shows stress drop ( = max – min)
decreasing upon a velocity increase. Right hand side shows a sudden decrease in event
recurrence time (tr) upon the same velocity step. (c) Evolution of gouge layer thickness
with shear displacement. Left hand side shows raw data for the same section of the
experiment shown in (b). For each event, dilation occurs as the stress builds up and
compaction upon failure and stress drop. Right hand side shows data for the 10 μm/s
section once the linear trend for geometrical layer thinning, due to experimental
geometry, is removed.
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Figure 3.5 Details for a typical stick-slip event. (a) Evolution of shear stress with
displacement. Stress builds up linearly during elastic loading characterized by stiffness of
k. Deviation from elastic loading marks the onset of pre-seismic slip and creep, until a
maximum stress is reached ( max).
represents the dynamic stress drop during coseismic slip. (b) Relative evolution of granular gouge layer thickness. Dilation during
pre-seismic slip is followed by abrupt compaction corresponding with dynamic slip. (c)
Pore fluid pressure decreases during pre-seismic slip (i.e. effective normal stress
increases due to depressurization), followed by an abrupt increase during dynamic stress
drop.
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Figure 3.6. Loading velocity (VL) versus recurrence time (tr) for experiments under drained
and undrained boundary conditions at effective normal stresses of 5 and 10 MPa. Data
2
are fit with a least squares polynominal fit with residual error (R ) always <0.9.
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Figure 3.7. Evolution of stress drop ( ) as a function of recurrence time for all the
experiments at effective normal stress of 5 and 10 MPa, under drained (square) and
undrained (circles) boundary conditions. Stress drop decreases log-linearly as a function
of recurrence time and its magnitude is controlled by the effective normal stress and
hydrological boundary conditions
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Figure 3.8 Details of shear stress ( ), gouge layer thickness (h) and pore fluid pressure (Pp)
as a function of time for a section of experiments at a constant shear velocity of 3 m/s.
We show experiment conducted under undrained boundary conditions at ’n = 5 MPa
(gray), and ’n =10 MPa (black).
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Figure 3.9 Details for two stick-slip events at ’n = 5 MPa and shear velocities of 0.1 and 1
m/s. (a) Shear stress increases linearly with displacement during elastic loading.
Deviation from this relation marks the onset of aseismic creep. (b) Gouge layers dilate
during elastic loading as shear stress builds up. During aseismic creep, shear strength
reaches a constant value, with layers that continue to dilate, until co-seismic compaction.
(c) Pore fluid pressure decreases linearly as shear stress builds up during the elastic
loading stage. During aseismic creep, we observe continuous depressurization. (d) Pore
fluid pressure decreases linearly as the gouge layer dilates during the whole stick-slip
cycle. An increase in shear velocity causes the relationships described above to decrease.
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Figure 3.10 Details for two stick-slip events at ’n = 5 (gray) and 10 (black) MPa under
undrained conditions. (a) Shear stress increases linearly with displacement during elastic
loading. Deviation from this relation marks the onset of aseismic creep. (b) Gouge layers
dilate during elastic loading as shear stress builds up. During aseismic creep, shear
strength reaches a constant value, with layers that continue to dilate, until co-seismic
compaction. (c) Pore fluid pressure decreases linearly as shear stress builds up during the
elastic loading stage. During aseismic creep, we observe continuous depressurization. (d)
Pore fluid pressure decreases linearly as the gouge layer dilates during the whole stickslip cycle. An increase in effective normal stress causes the shear strength, pre-seismic
slip, layer dilation and pore fluid depressurization to all increase.
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Figure 3.11 Evolution of the pre-seismic pore fluid depressurization as a function of (a)
pre-seismic layer dilation, and (b) pre-seismic slip for experiments conducted at ’n = 5
and 10 MPa.
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Figure 3.12 Changes in pre-seismic layer dilation during pre-seismic slip for experiments
performed at effective normal stresses of 5 and 10 MPa under undrained conditions. Note
that pre-seismic layer dilation is large for the longest pre-seismic slip, and both decrease
accordingly as recurrence time decreases.
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Figure 3.13 Post experiment SEM images (a, b, c, d, and e) and particle size distribution
analysis (f) of glass beads for experiments run at ’n = 5 MPa, under undrained boundary
conditions, and at the noted magnification scale. (a) Beads show little or no evidence of
bulk crushing or comminution as confirmed by the particle size analysis (values of d50
and d10 represent the same quantities as reported in Figure 2). Panels b, c, d and e
represent details of grain-to-grain contact properties. Grain-to-grain contacts are
characterized by a sub-rounded shape with a well-defined outer rim (b, c). Striations are
observed to propagate inward toward the contact (b, c). Antithetic to the striations, we
observe a fractured zone of probable stress concentrated during shear (d, e).
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Figure 3.14 Post experiment SEM images (a, b, c, d, and e) and particle size distribution
analysis (f) of glass beads for experiments at ’n = 10 MPa, under undrained boundary
conditions, and at the noted magnification scale. (a) Beads show minor evidence of bulk
crushing and comminution. Particle grain size analyses (f) reveals that the d50 is slightly
smaller than for experiments at ’n = 5 MPa, and a significant decrease in the d10 to a
value of ~23 m. Panels b, c, d and e show details of contact junction properties. Panel
(b) shows a symmetric contact geometry, probably due to two different cycles of stickslip involving this bead. Details shown in (d) reveal the propagation of striations toward
the center of the contact. (c) Shows that the fractured zone observed in figure 13e is
wider and characterized by the formation of thinner particles corresponding to the finer
particle size of d10. (e) Shows a top view of a grain-to-grain contact. To note the
elliptical-like shape characterized by a well developed system of fractures on one end of
the contact and fractures on the opposite side.
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Figure 3.15 (a) Evolution of shear stress with displacement for a representative stick-slip
event. The linear-elastic portion of loading and the subsequent aseismic creep are shown.
(b) Schematic representation of grain-to-grain contact evolution under shear [modified
after Boitnott et al., 1992]. C1 and C2 represent the evolution of contact deformation as
shear displacement is increased during aseismic creep for a single stick-slip cycle. For
reference we report C1 and C2 in figure a and c. (c) PDF of acoustic emissions (AE)
during a stick-slip event from Johnson et al., 2013. The number of events is reported as a
function of time. Note the exponential increase of AE when the gouge layers approach
dynamic failure. (d, e) Grain-to-grain contacts reported in figure 13c and 14e
respectively. The red arrows indicate the inferred sense of shear.!
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Chapter 4

Characterization of permeability evolution across the brittleductile transition in porous siltstone

Abstract
It is commonly accepted that changes in porosity and fluid pressure within porous
sedimentary rocks influence the mechanical response to an applied stress, including
causing transitions in slip behavior and stability. To improve our understanding of this
transition, we investigated the mechanical behavior of a siltstone unit within the
Marcellus Formation characterized by initial porosity ranging from 41 to 45%. A series
of deformation experiments were conducted: 1) hydrostatic loading path (σ1=σ2=σ3); and
2) triaxial loading path (σ1>σ2=σ3), at constant effective pressure (Pe=Pc-Pp) and an axial
displacement rate of 0.1 µm/s (2x10-6 s-1). Changes in water volume were monitored
(drained conditions) to measure the evolution of porosity. Permeability was measured at
several stages of each experiment. Experiments performed under hydrostatic boundary
conditions indicate a P* of 39 MPa. Triaxial loading experiments show a transition from
brittle behavior, associated with shear localization and compaction, to a cataclastic flow
mode of failure. When samples fail by shear localization permeability abruptly decreases
without any significant changes in porosity. Conversely, in the cataclastic flow regime
permeability reduction is associated with a significant reduction in porosity. Postexperiment observations reveal the formation of localized shear zones characterized by
grain comminution, for samples that exhibited brittle behavior. We propose that zones of
shear localization can act as barriers to fluid flow and thus modify the hydrological and
mechanical properties of the surrounding rocks. These results have important
implications for the nucleation and propagation of earthquake rupture in a natural
environment.
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Introduction

In the upper crust a variety of mechanical and chemical processes likely control
the deformation style of sediments in response to an applied stress field. The deformation
style of sediments, during their burial history, can exert significant control on the
seismogenic potential along subduction zones and other major plate-boundary faults.
Understanding the deformation mechanisms that control the up-dip limit of seismogenesis along accretionary subduction zones is of primary importance in order to gain
insights into the conditions that allow nucleation and/or propagation of earthquakes at
shallow depths. The evolution in frictional behavior from velocity-strengthening to
velocity-weakening behavior, associated with smectite-illite transition at 100-150 0C
[Hyndman and Wang, 1995; Hyndman et al., 1993; Vrolijk, 1990], lithification and shear
localization [Byrne, 1988, Marone and Scholz, 1988; Marone, 1998; Scholz, 2002], and
dehydration reactions and associated pore pressure generation [Byrne et al., 1988;
Marone and Scholz, 1988; Moore and Vrolijk, 1992; Moore and Saffer, 2001; Spinelli et
al., 2007; Ma and Beroza, 2008; Ide et al., 2011; Ma, 2012; Kitajima et al., 2012;
Kitajima and Saffer, 2012], have all been proposed as mechanisms that control the up-dip
limit of seismic slip. However, the deformation style of sediments and sedimentary rocks
is largely controlled by their initial porosity and the stress state (overburden load and pore
pressure) during their burial [Crawford and Yale, 2002; Spinelli and Underwood, 2004;
Kitajima et al., 2012]. As a large variety of porous rocks undergo subduction,
determining how their deformation mechanisms and transition from brittle to ductile
behavior change depending on the rock type, is critical in order to characterize
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hydrological properties and seismic potential along the shallow portion of subduction
zones.
The stress state of sediments in accretionary subduction zones is mainly
controlled by the overburden load, which acts as the principal vertical stress and induces
sediments to compact and by the pore fluid pressure, which opposes to the principal
vertical load. The simultaneous effect of overburden load and pore fluid pressure can
induce sediments to dilate or compact, which results in important implications for fault
and earthquake mechanics. Dilation is often associated with strain localization along
planar structures, such as faults, characterized by different physicochemical properties
than

the

host

rocks

[Brace,

1978].

Dilatant

brittle

failure

can

induce

nucleation/propagation of earthquake ruptures and modify regional fluid flow, with faults
acting as conduits or barriers for fluids during the seismic cycle [Sibson, 1982; Byerlee,
1993; Magee and Zoback, 1993]. On the other hand, mechanical compaction can lead to
irreversible porosity loss and inelastic deformation by cataclastic flow [Zhang et al.,
1990; Moore and Vrolijk, 1992; Wong et al., 1997; Vajdova et al., 2004, Karner et al.,
2005]. In the compaction domain case, generalized permeability reduction is controlled
by either homogenous deformation, uniformly distributed within sediments or
heterogeneous, localized deformation with the development of compaction bands [Zhu
and Wong, 1997; Baud et al., 2012]. In order to gain insights into the relationship
between porosity and permeability, and their evolution in response to an applied stress
field, numerous experimental studies have been conducted on a variety of rock types over
a range of boundary conditions [e.g. David et al., 1994; Zhu and Wong, 1997; Crawford
and Yale, 2002; Bernabe’ et al., 2003; Baud et al., 2012; Kitajima et al., 2012]. They
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found that mineralogical composition, initial porosity, grain size and degree of
compaction play fundamental roles in the deformation (modes) of sediments by
controlling the micromechanical interaction between grains that is reflected in the
macroscopic evolution of permeability.
Samples collected along the Nankai subduction zone, in the proximity of the shall
portion of the magasplay fault, as part of the NanTroSEIZE project, exhibit a
composition mainly characterized as a silty claystone, with porosity ranging between 4050% [Kitajima et al., 2012]. In this scenario understand the mechanical and hydraulic
response to deformation of siltstones is of primarily importance in order to characterize
the potential for tsunamigenic earthquakes associated with thrust-type faulting along
subduction zones. However, most of the pervious experimental work has been conducted
on various types of sandstones and carbonatic rocks, with little to no attention has been
given to the deformation style and hydraulic properties of siltstones.
The purpose of this paper is to extend our understanding of the porositypermeability relationship in porous media during deformation. We conducted a suite of
experiments on siltstones found within the Marcellus Formation, PA, USA, with initial
porosities ranging from 40 to 45%. Triaxial deformation experiments were performed in
order to investigate the evolution of permeability as a function of stress state across the
brittle-ductile transition. We report that permeability evolves accordingly with failure
mode (brittle vs. ductile), showing an abrupt decrease associated with shear localization
and a constant decrease when samples fail for cataclastic flow (ductile). On the other
hand, porosity remains constant across brittle failure, and constantly decreases in the
cataclastic flow failure regime. Our results show that in the brittle faulting regime
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permeability evolution is not associated with an evolution in porosity, finding important
implications for the hydrologic properties along the shallow portion of subduction zones.
Shear localization can potentially act as a hydraulic barrier for fluid flow, modifying fluid
distribution and potentially generating overpressure. This will reflect in a control on the
up-dip limit for seismo-genesis.

Deformation of Porous Rocks

Critical Stress States
The stress field acting on sediments during their burial history can be reproduced
in laboratory experiments by applying a principal compressive stress (σ1’) (i.e.
overburden load), which acts vertically, axi-symmetric to the sample, and an effective
confining pressure (i.e. surrounding rocks), calculated as the difference between the
confining and the pore pressures, Pe = Pc – Pp [Hubert and Rubey, 1959]. For triaxial
loading tests, where σ1’ exceeds σ2’=σ3’= (Pc - Pp), the differential stress is calculated as
the difference between the axial stress and confining pressure (σd = σ1 – Pc). The overall
stress state acting on the sample is described by the effective mean stress as:
σm’ = [(σ1+2*σ3)/3] – Pp

(1)

Critical stress states (i.e. yield stress) are indicated as P*, C* and C’ following the
standard soil mechanics nomenclature [Zhang et al., 1990a; Zhang et al., 1990b; David,
1994; Menendez et al., 1996; Wong et al., 1997] (Figure 4.1a). With increasing
hydrostatic load (σ1=σ2=σ3), P* is taken as the inflection point at which compaction starts
to accelerate with respect to the linear-elastic behavior and marks the onset of grain
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crushing and pore collapse, which results in a permanent deformation [Zhang et al.,
1990a; Menendez et al., 1996]. Under triaxial deformation, samples can fail by shear
localization or cataclastic flow [Wong et al., 1997]. C* indicates the stress state at which
the deviatoric stress field causes an accelerated decrease in porosity (shear-enhanced
compaction), with respect to the hydrostat, causing failure through pervasive cataclastic
flow [Curran and Carroll, 1979; Menendez et al., 1996; Wong et al., 1997]. Conversely,
C’ marks the critical stress state at which the deviatoric stress field causes a deceleration
of compaction with respect to the hydrostat (shear-induced dilation), and is often
associated with shear localization and brittle behavior [Menendez et al., 1996; Wong et
al., 1997]. In critical state soil mechanics, the full deformation behavior for soils is
usually described in a two-dimensional space using the parameters of effective mean
stress, p’, and differential stress, q. In p’-q space, the critical stress states at failure (C’,
C* and P*) are plotted to construct a failure envelope (Figure 4.1b). A linear curve is
commonly used to fit the envelope of the critical stresses C’, using a relation of the form
[Bolton, 1979]:
q = C + Mp’

(2)

where M is related to the Coulomb-Mohr friction angle (φ) via the relation [after Bolton,
1979]:
sin(φ) = 3M/M+6

(3)

When a sample fails by cataclastic flow, the envelope of the critical stress states, C*, is
well described by an elliptical failure envelope consistent with the CAP model from soil
mechanics [Drucker and Prager, 1952] of the form [Wong et al., 1997]:
[(p’/P*) – ξ]2/(1- ξ)2+(q/P*)2/ζ2 = 1

(4)
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where ξ and ζ are normalization constants, determining the amplitude of the failure
envelope (Figure 4.1b).

Previous Work
The evolution of permeability during triaxial deformation tests has been
investigated for different sandstones with initial porosities ranging from 15% to 35%
[Zhu and Wong, 1997; Heriland and Raab, 2001; Crawford and Yale, 2002; Besuelle et
al., 2003; Holcomb and Olsson, 2003; Vajdova et al., 2004; Fortin et al., 2005; Tembe et
al., 2008; Baud et al., 2012]. Zhu and Wong [1997] documented a one-to-one relationship
between permeability and porosity as deviatoric stress was increased, characterized by a
constant decrease in permeability with increasing strain, independent of whether the
sample showed shear localization. Similarly, Vajdova et al. [2004a], conducted triaxial
deformation experiments on Bentheim sandstone, with an initial porosity of 22.3%. They
found that for low values of effective pressure, (10 <Pe< 30 MPa), samples failed in the
brittle field through shear localization, and permeability decreased as strain increased.
However, porosity showed a different evolution, from a dilatant behavior at the lowest Pe,
to a negligible change in porosity at the highest Pe. Microstructural analysis revealed the
formation of compaction bands with intense damage (i.e. reduced pore size and
connectivity) and a sharp transition to the surrounding damage zone. In the cataclastic
flow regime, they observed a decrease in permeability with porosity reduction. They
determined that permeability evolution is strongly dependent on strain localization, and
that the development of localized failure in discrete compaction bands is the cause of the
most significant permeability reduction. Recently, Baud et al. [2012] performed a
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systematic study on the evolution of permeability associated with shear localization along
compaction bands for different sandstones. They fount that permeability reduction is
controlled by the orientation at which compaction bands propagate and by their
connectivity.
Vajdova et al. [2004b] compared different limestones and chalk under hydrostatic
and triaxial deformation, for a range of initial porosities of 3% < φ < 26% for limestone,
and 38% < φ < 45% for chalk. They showed an evolution of mechanical behavior, from
typical brittle faulting at low confining pressures (10-30 MPa), to a “mixed” behavior
characterized by shear enhanced compaction followed by dilation, for confining stresses
up to 50 MPa. Unfortunately no data are available on the evolution of permeability
during deformation of limestones. All of these observations highlight that different
processes, that occur during both elastic (i.e. brittle shear localization) and inelastic
deformation (i.e. ductile cataclastic flow), control the relationship of permeabilityporosity and its evolution associated with failure mode.

Experimental Methods

Sample Characterization and Preparation
The Marcellus Formation is the lowest unit of the Hamilton Group, deposited in a
relatively deep, oxygen-deficient marine environment, during the Middle Devonian age.
It is mainly composed of black shale, with sub-units of lighter shales and interbedded
siltstone layers. We performed triaxial deformation experiments on sedimentary rocks
recovered from an outcrop in the vicinity of Newton Hamilton, PA, USA. The rocks
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focus of this study presented as interbeds, with a thickness between 30 and 50 cm, within
the Marcellus Formation. Interbeds were characterized by a dark, very light and finegrained (~70 µm) quartzose siltstone, presenting as a strong unit compared with the
surrounding fissile shale rocks, with little to no sign of weathering alterations. XRD
analyses revealed a mineralogical composition of Quartz (80.7%), Smectite+Illite
(14.9%), and Pyrite (0.3%). Cylindrical samples of 50 cm length and 25 cm diameter
were cored from the same intact block collected at the outcrop. Both ends of the cylinders
were ground to obtain two perfect parallel surfaces. Specimens were then dried for 72
hours at T = 50 0C, and re-measured in order to calculate bulk volume and density.
Samples were then saturated, using de-ionozed water under vacuum for 48 hours.
Porosity was then calculated as:
φ = Vv / VT

(5)

where VV is the volume of voids, calculated by the difference in weight between the dry
and saturated sample, and VT is the total volume. Calculated porosities resulted in a range
between 41 and 45.5% (Table 4.1). Changes in water volume from the initial value, were
also used to calculate volumetric strain (εv) during the experiments, as:
εv = ΔVw/Vwi

(6)

where ΔVw is variation in water volume during the experiment and Vwi is the initial
reference value.

Experimental Apparatus and Procedure
Triaxial deformation experiments were performed using a biaxial loading
apparatus equipped with a pressure vessel cell positioned within the biaxial load frame
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(Figure 4.2) [see Samuelson et al., 2009 for details]. Sample assembly was characterized
by two stainless steel platens, equipped with internal channels for fluid flow (Figure 4.2).
Samples were jacketed using poly-olefin heat-shrink tubes and sealed using steel wires
rubber O-rings in order to isolate the sample from the confining medium (food-grade oil
XCELTHERM 600, Radco Industries). Pore pressure lines were connected to the steel
blocks and the sample assembly was placed into the vessel cell. The pressure vessel is
equipped with a main access port for the vertical ram, sealed internally by dynamic Orings. Upstream pore pressure (Ppu), downstream pore pressure (Ppd), and confining
pressure (Pc) were applied via three separate servo-controlled intensifiers (accuracy of ±7
kPa), connected to the pressure vessel (Figure 4.2). A direct current displacement
transducer (DCDT), with an accuracy of ~0.1 µm, was fixed between the vertical piston
and the biaxial frame, outside of the vessel. The relative movement of loading piston in
reference to the load frame, measured by the DCDT, was considered as axial
displacement. Axial displacement was corrected for apparatus stiffness of 0.35 kN/µm.
Vertical load was measured using custom-build strain gauged load cell with an accuracy
of ± .5 N. A custom-built pore pressure system was used in order to: 1) isolate the upstream pore pressure intensifier, reduce the water volume in the system, and measure its
changes during hydrostatic and triaxial loading under fully drained boundary conditions;
and 2) measure permeability using the constant head method at different stages of the
experiment (Figure 2). Throughout each experiment, we monitored confining pressure
(Pc), pore fluid pressure (Pp), axial load, axial displacement, corresponding to sample
shortening, and changes in pore fluid volume.
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We deformed our cylindrical samples using a common start-up pressurization
procedure for reproducibility and comparison purposes (Figure 4.3). Samples were
initially pressurized to an effective pressure of 1 MPa under hydrostatic conditions. Leak
inspection was performed to ensure that the specimen was completely isolated from the
confining medium. In order to remove air within the sample, we connected a vacuum
pump to Ppd until only water was observed exiting the pore pressure line, indicating that
the specimen was fully saturated. Load was then increased hydrostatically, through steps
of 2.5 MPa every 10 minutes until Pe targets of 2.5, 5, 7, 10 and 30 MPa were achieved
(Table 4.1, Figure 4.3). Deviatoric stress was then applied by increasing σ1 at a constant
nominal strain rate of 2 e-4 s-1 (0.1 µm/s) and maintaining σ2= σ3=(Pc-Pp) constant. At the
end of triaxial deformation the vertical ram was stopped, and the sample was unloaded.
Specimens were then carefully removed from the vessel cell and collected for further
investigation.
Permeability was measured at three stages during each experiment: (1) at Pe = 1
MPa, indicated as k0, (2) at Pe target for each experiment (k1), and (3) at the end of the
triaxial loading path (k2) (Figure 3). For the hydrostatic loading experiment, we measured
permeability at Pe of 1, 30 and 50 MPa. We subsequently calculated permeability by
applying Darcy`s law:

Q=−

kA dPp
	
   	
  
η dh

(7)

where Q is the flow rate [m3s-1], k is the sample permeability [m2], A is the crosssectional area [m2], η is the viscosity of water [MPa s], dPp is the imposed differential
pore pressure [MPa], and dh is the sample length. To calculate permeability we solved for
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k, using η = 1.002x10-9 MPa s-1, dh as calculated from the axial displacement, and Q as
the average of flow rate measured at the up-stream (Qu) and down-stream (Qd) reservoirs.
To ensure accuracy, we waited until the flow rate difference, between Qu and Qd, was less
than 5%.

Experimental Results

Mechanical Data
During hydrostatic loading (σ1 = σ2 = σ3), deformation evolves by three distinct
stages in terms of effective mean stress (σ’m) (Figure 4.4). During the first stage of the
loading path, at low effective mean stress (1 < σ’m< 12 MPa), the stress-strain curve is
characterized by a non-linear, concave up, increase in volumetric strain with increasing
σ’m (Figure 4.4). During the second stage, when σ’m > 12 MPa, the σ’m - εv curve evolves
to a quasi-linear envelope, typical of poroelastic behavior and characterized by
compressibility of β = 0.044 GPa-1. The third stage is marked by an acceleration in
compaction, with respect to the linear-elastic portion, corresponding to the critical stress
state P*. Above P*, the sample continues to compact inelastically, as shown by the
increase in volumetric strain and its insensitivity to the effective mean stress.
Triaxial deformation experiments at the applied effective pressures (Pe) of 2.5, 5,
7, 10 and 30 MPa show the different mechanical responses of both brittle and ductile
deformation (Figure 4.5 and 4.6). During hydrostatic loading, up to the target Pe, in all
experiments, except the experiment at Pe = 7 MPa, samples compact following the
hydrostatic loading path (Figure 4.5a and b). The experiment at Pe = 7 MPa shows a
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greater volumetric strain by 0.1 % at the end of the hydrostatic loading, likely due to the
fact that this sample had the lowest initial porosity (Figure 4.5b, Table 4.1). Upon the
initiation of triaxial loading, where deviatoric stress is applied, all experiments show
departures from the hydrostatic loading path. The experiment conducted at Pe = 2.5 MPa
shows an initial phase of dilation, followed by quasi-linear compaction. With continued
loading, departure from quasi-linear behavior indicates macroscopic sample yielding
(σy), followed by a stage of compaction and finally a stress drop. Deformation continues
until a steady state residual strength is attained (Figure 4.5b and 4.6a). Samples deformed
at Pe of 5, and 7 MPa show compaction throughout the deformation path. After a first
stage, characterized by quasi-linear stress-strain behavior, an acceleration in compaction
marks sample yield, which is then followed by a stress drop (Figure 4.5b). Post
experiment visual observations show failure by shear localization, with the through going
propagation of shear bands throughout the specimens (Figure 4.6b). For experiments at Pe
of 10 and 30 MPa, samples deform linearly elastically, following the hydrostatic loading
curve even after triaxial loading is initiated. Deviation from the linear-elastic behavior,
corresponding with an acceleration in compaction rate, marks samples yielding, and
defines the critical stress state C* (Figure 4.5a). Beyond C*, differential stress assumes
major control on compactive strain, causing failure by homogeneously distributed
deformation. This is confirmed by post experiment visual observation (Figure 4.6b).
Figure 4.6a shows a positive relation between sample yielding and Pe in the brittle
regime, as the higher the applied effective pressure, the higher the yield stress.
Conversely, the opposite is true when samples deform in the ductile regime, with the
differential stress at yield point C* decreasing as Pe increases.
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Figure 4.7 shows the evolution of porosity in response to an applied stress field
and reporting raw values (initial porosities of 41.4% to 45.5%.). We show that during the
hydrostatic loading path, independent of the starting porosity, sample porosity is
characterized by the same reduction rate for all the experiments. In response to an applied
deviatoric stress, our porosity data shows compaction for all of the Pe investigated during
all stages of deformation. Samples that failed through shear localization in discrete shear
bands do not show any significant reduction in porosity associated with failure.

Permeability
We report permeability (k) evolution as a function of effective mean stress, for
hydrostatic and triaxial deformation experiments (Table 4.1). Our data show a direct
relationship between sample failure mode and permeability evolution. We find that
permeability constantly decreases with increasing load during hydrostatic loading,
accordingly with sample porosity reduction (Table 4.1). The values of initial permeability
(k0) at 1 MPa show a small variability that reflects the variability in the values of starting
porosity, with values between 1.21x10-14 and 3.54x10-14 (Figure 4.8a). Under triaxial
deformation, we observe a different evolution of permeability that depends on the
effective confining pressure and thus, the mode of sample failure. Specimens
characterized by shear localization, at effective pressures of 2.5, 5, and 7 MPa, show an
almost linear decrease in permeability with continued loading (Figure 4.8). In the
cataclastic flow failure regime, at effective pressures of 10 and 30 MPa, permeability
decreases more quickly with respect to the hydrostat, due to shear-enhanced compaction,
once the critical stress state C* is reached. Although the initial permeability, k0, is
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measured at 1 MPa for all samples, the values show some variability. In order to compare
data, we normalized our measured permeability by the initial permeability k0 for each
sample (Figure 4.8b). Figure 4.8b shows that when shear localizes along discrete shear
bands, for experiments at Pe of 2.5, 5 and 7 MPa, permeability assumes a negative
correlation with initial effective pressure. The decrease in permeability after shear
localization is larger at lower initial effective pressures. Conversely, in the ductile field,
we document a positive relationship between initial effective pressure and permeability
decrease. The decrease in permeability after failure is generally larger at the higher initial
effective pressures.

Discussion

Previous studies have characterized mechanical properties of different sandstones,
that cover a range of initial porosity values, under both hydrostatic and triaxial applied
stress fields in order to investigate the control of stress state and failure mode on porosity
and permeability [Zhu and Wong, 1997; Heriland and Raab, 2001; Crawford and Yale,
2002; Besuelle et al., 2003; Holcomb and Olsson, 2003; Vajdova et al., 2004; Fortin et
al., 2005; Tembe et al., 2008; Baud et al., 2012]. Understanding the micromechanical
processes leading to the brittle-ductile transition in porous sedimentary rocks is of
fundamental importance in order to extrapolate laboratory based observations to natural
tectonic environments (i.e. sedimentary basin, accretionary prisms), where complex stress
states have been observed. These different stress states result in different modes of strain
accommodation during deformation. The evolution of porosity and permeability, with
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respect to failure mode, play a fundamental role in controlling fluid distribution and
pressure during the burial history of sediments, causing departures from the depthdependent hydrostatic fluid values and modifying the distribution of the stress field.
In the following, we will discuss and compare our experimental results with
previous work, focusing on the relationships between applied stress field, macroscopic
yielding, and associated failure mode, in order to understand how porosity and
permeability are affected by these mechanical characteristics.

Macroscopic Yielding Under Hydrostatic Loading
When our samples were deformed under a hydrostatic stress field, we documented
three main stages of deformation with increasing stress (Figure 4.4). A first, non-linear,
stage at low σ’m, due to grain matrix rearrangement through grain sliding and rolling
[Karner et al., 2003]. A quasi-linear elastic stage, at intermediate stress, is followed by an
acceleration in compaction that corresponds to P*. Above P*, sample fails by cataclastic
flow and pore collapse, which cause irrecoverable strain and permanent deformation
[Zhang et al., 1990; Menendez et al., 1996]. In Figure 4.9, we compiled a summary of the
data that show the relationship between the critical stress state for the onset of grain
crushing and pore collapse (P*) and initial porosities for a variety of sedimentary and
volcanic rocks. We observe a log-linear relationship, where P* decreases as porosity
increases, as proposed by Zhang et al. [1990] based on a Hertzian fracture model.
However, following Tembe et al., [2008], we highlight that mineralogy can appreciably
influence the grain crushing pressure. Comparing P* between our study and other rock
types with similar porosity, such as chalk, we show that our siltstone (with >80% quartz)
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is characterized by higher P* than chalk, and values closer to the P* observed for high
porosity sandstones and low porosity carbonatic rocks. Tembe et al., [2008] documented
an increase of two orders of magnitude in P* with increasing quartz content in sandstones
with similar initial porosity. These observations lead us to hypothesize that mineralogy
also plays an important role in the micromechanical processes that drive mechanical
compaction under an applied isotropic stress field.

Critical Failure Envelope
It has been widely shown that deformation in soil and rocks can be characterized
by a common sample yield criterion. Typically, under both hydrostatic and triaxial
deformation, any departure from quasi-linear elastic behavior is taken as sample yielding,
and used to determine the macroscopic failure envelope for the material [Wong et al.,
1997]. We will follow this approach for the analysis of our experiments, using sample
yield stress to describe the macroscopic failure envelope, combining a Coulomb-Mohr
failure criterion and CAP model.
When we deformed samples under an applied triaxial stress field, we documented
an evolution from brittle behavior, characterized by localization of shear bands, to a
cataclastic flow regime, with increasing effective pressure. For low values of effective
pressure, from 2.5 to 7 MPa, sample yield stress show a positive correlation with
increasing Pe, typical of Mohr-Coulomb brittle failure criteria (Figure 4.6a). For Pe > 7
MPa, samples fail via cataclastic flow due to shear-enhanced compaction. Yield stresses,
C*, show a negative relationship with effective pressure, as higher effective pressures
result in lower C* values [Wong et al., 1997] (Figure 4.5a). When yield stresses are
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analyzed in a p’-q space, where q represents the differential stress and p’ the effective
mean stress, our data can be fit by a Coulomb-type failure envelope of the form, q = 8.3 +
0.7 p’, at low effective pressures (Figure 4.10). Combining equations (2) and (3), we
report a value for internal friction of tanφ = 0.3, and an angle of internal friction of φ =
200. With increasing effective pressure, the evolution of yield strength at the onset of
shear-enhanced compaction (C*) is characterized by an elliptical cap, as widely observed
for a variety of sedimentary rocks [Wong et al., 1997; Vajdova et al., 2004b; Zhu et al.,
2011; Baud et al., 2012]. We fit the envelope of critical stress states C* using eq. (4) with
values of ζ = 0.45 and ξ = 0.55 to fit our experimental data [Di Maggio and Sandler,
1971]. As reported by Wong et al. [1997] typical values for sandstones are in the range of
ζ = 0.5 and ξ = 0.5-0.7 in agreement with the data reported by our study. A comparison
between the Marcellus siltstone and different sandstones, with initial porosity values
ranging between 22 and 35%, shows similar evolution of the yield CAP. The yield
surface expands as porosity decreases, as the compactive yield stress (C*) increases with
decreasing porosity. Our data are in good agreement with this relationship and represent
the lower limit in a p’-q space, when compared with different sandstones, due to higher
porosity and lower grain size. These observations confirm that porosity and grain radius
exert a strong control on the strength of siliciclastic porous sedimentary rocks. An
increase in porosity associated with a smaller grain size lower the critical stress state for
the onset of shear enhanced compaction and the maximum strength for shear localization
in siltstones. Post-experiment observations reported for Diemelstadt and Bentheim
sandstone under brittle conditions, revealed that shear localizes along discrete shear
bands at an angle between 250 and 450 to the σ1 direction [Vajdova et al., 2004a; Tembe
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et al., 2008]. We showed that for samples deformed at Pe between 2.5 and 7 MPa, shear
also localizes along discrete bands at an angle of ~400 with σ1 (Figure 4.6b). We propose
that in siliciclastic sedimentary rocks, porosity has a strong control on the strength, and as
a consequence on the brittle-ductile transition, of specimens when a deviatoric stress is
applied. However, the deformation style, the angle at which shear localizes in the brittle
failure regime, and critical stress state pressure dependence, seems to be a common
feature between different siliciclastic rocks, independent of porosity.

Evolution of Permeability: Shear Localization vs. Cataclastic Flow
Samples deformed at effective pressure between 2.5 and 7 MPa failed through
shear localization along discrete plans cross-cutting the specimens (Figure 4.6). In all
three experiments, permeability rapidly decreases after shear localization, associated with
a little compaction (i.e. porosity reduction) (Figure 4.12a and b). Contrarily, Zhu and
Wong [1997] observed a negative relationship between porosity and permeability when
shear localized in sandstones with initial porosities higher than 15%. At critical stress
state C’, the onset of dilation, brittle failure causes porosity to increase and permeability
to decrease. The recent experimental study of Heiland and Raab [2001] and Vajdova et
al. [2004a] document a transition between dilatant brittle failure, at low effective
pressures, to compactive shear localization, with increasing effective pressure, as a
“mixed mode” of failure in porous sandstones. Their results show that in the dilatant
brittle regime, permeability is negatively correlated with porosity as expected from Zhu
and Wong [1997]. However, in agreement with our data, in the “mixed mode” regime
they documented a decrease in permeability with negligible decrease in porosity
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associated with shear band localization. Post-experiment observations, in both cases,
show that deformation is highly localized in discrete planes developed throughout the
sample, characterized by grain size comminution, without changes in the porosity of
material outside of the shear bands. Conversely, at higher effective pressure, in the
cataclastic flow failure regime, we document a positive relationship between permeability
and porosity. Above C*, mechanical compaction causes pore space to decrease and
tortuosity to increase, resulting in a decrease in permeability. These observations agree
with previous data on sandstones as reported by Zhu and Wong [1997] and Baud et al.
[2000].
Our observations indicate that in the brittle failure regime, the propagation of
discrete bands cross-cutting the samples can act as a barrier to fluid flow due to shear
localization and grain comminution. This can have important implications on the
hydrological properties and fluid distribution at shallow depths (i.e. low effective
pressures) within tectonic active areas. We posit that fluids from deep areas in
accretionary prisms, where the deformation style of sediments is characterized by
cataclastic flow and porosity reduction, can migrate to shallow depth. In these areas,
where porosity is high and pore tortuosity is low compared with deeper zones, fluids can
redistribute in the pore matrix. The potential generation of fluid overpressures, across
shear zones, can act as a weakening mechanism, lowering the effective pressure acting on
the shear planes and favoring the nucleation and/or propagation of seismic rupture.
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Summary

To investigate the coupling between permeability, porosity and mechanical
behavior across the brittle ductile transition in porous siltstone (41.4% <φ< 45.5%), we
performed hydrostatic and triaxal loading experiments over a range of effective pressures
from 2.5 to 50 MPa. Porosity was continuously monitored during progressive
deformation and permeability was measured at three different characteristic stages of
deformation for each experiment. Our hydrostatic loading experiment, revealed P* at 39
MPa, as the characteristic pressure for the onset of grain crushing and pore collapse.
Triaxial deformation experiments show two different deformation styles as a function of
initial applied effective pressure: (1) shear localization in bands, cross-cutting the sample,
at effective pressures less than 7 MPa; and (2) failure through cataclastic flow, at
effective pressures of greater than 10 MPa.
Comparing our results with previous studies on sedimentary and volcanic rocks of
different porosity, we find that mineralogical composition exerts a strong control on P*
for rocks with similar porosity. When triaxial experiments are analyzed in a p’-q space,
we find that experiments at low effective pressure are best described by a Coulomb-type
failure criteria. With increasing effective pressure, in the cataclastic flow regime, data are
well fit by a CAP model, representing a lower limit when compared with sandstone of
lower initial porosity.
In both the brittle and ductile regimes, porosity and permeability decrease with
increasing deformation. When shear localizes, we document and abrupt decrease in
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permeability associated with intense compaction. With increasing effective pressure and
strain, permeability and porosity decrease.
Post-experiment observations show that shear localizes along discrete zones, at
low effective pressures, without any significant changes in the surrounding bulk porosity.
On the other hand, with increasing effective pressure we document pervasive
deformation, accordingly with the porosity-permeability relationship observed.
Our results imply that permeability is dependent on the deformation style and
strain localization. At low effective pressures (i.e. shallow depth), shear localization
along discrete bands can act as a barrier to fluid flow, modifying the hydrological
properties and distribution of fluids. The possible generation of overpressures can lower
the effective stress surrounding the shear plane and thus favor the nucleation/propagation
of earthquake rupture.
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Figure 4.1. (a) Schematic representation of critical stress states; P* (onset of grain crushing
and pore collapse), C* (shear-enhanced compaction) and C’ (shear-induced dilation) for
hydrostatic and triaxial loading paths. (b) Critical stress states reported in a p’-q stress space.
The envelope of the critical stresses C’ determine a Coulomb-Mohr type failure envelope.
The CAP model is determined by the envelope of the critical stresses, C*.
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Figure 4.2. Triaxial pressure vessel and sample assemly. (on right) Pressure intensifiers for pore pressure up-stream (Ppu), down-stream (Ppd), and confining pressure (Pc). Inset shows pressure vessel cell
within biaxial load frame.
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Figure 4.3. Schematic diagram, illustrating typical experimental procedure for
hydrostatic and triaxial loading. Permeability measurements (k0, k1, k2) are taken at
different stages of the experiment (solid circles).
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Figure 4.4. Effective mean stress vs. volumetric strain during
hydrostatic loading. The sample compacts with
increasing load in a three distinct stages: (a) inelastic behavior at low applied stress, (b) linear-elastic
behavior (indicated by the dashed line), (c) unrecoverable strain beyond the critical stress P*.
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Figure 4.5. Results from hydrostatic and triaxial loading experiments showing effective mean stress
plotted against volumetric strain (compaction is positive). (a) Data for hydrostatic loading experiment
(dashed black line) showing P* at 39 MPa. Full lines represent triaxial loading experiments for each
Pe investigated (labeled on the curve). C* represent the yield point for experiments conducted at Pe
= 10 and 30 MPa, and marks the onset of shear-enhanced compaction and failure through cataclastic
flow. (b) Triaxial loading experiments for 2.5 MPa <Pe< 7 MPa, showing compactive behavior and
brittle stress drop.
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Figure 4.6. (a) Differential stress as a function of axial strain during triaxial deformation experiments
for each effective pressure investigated. We report the critical stress state at yield. (b) Post experiment images for two samples deformed at different initial effective pressure. (top) Pe = 5 MPa Deformation is characterized by shear localization along a discrete plane which cuts across the entire
sample at an angle of ~400 to the direction of σ1. (bottom) Pe = 30 MPa. The sample failed via cataclastic flow and shows pervasive deformation.
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Figure 4.7. Evolution of porosity as a function of effective mean stress for hydrostatic and triaxial loading experiments. Black, full circles indicate hydrostatic loading, and lines indicate triaxial loading. Data show a constant loss in porosity during
hydrostatic loading and the first stage of triaxial loading, followed by an accelerated porosity reduction caused by the applied deviatoric stress. (right) Zoom in
portions of experiments at 2.5, 5 and 7 MPa effective pressure.
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Figure 4.8. Permeability evolution as a function of effective mean stress during hydrostatic (solid
symbols) and triaxial loading (open symbols) for all the experiments. (a) Raw data. Permeability
evolves as a function of applied effective pressure and failure mode. (b) Normalized permeability for
comparison.
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P*, MPa

Initial Porosity, %
Figure 4.9. Critical effective pressure (P*) for the
onset of grain crushing under hydrostatic loading
as a function of initial porosity for different sedimentary rocks. Data are compiled from Vajdova et
al. [2004], Wong et al. [1997], Zhu et al. [2011] and
references therein.
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Figure 4.10. Critical stress state at yield (onset of
shear localization) and C* (onset of shearenhanced compaction) are shown in p’-q space
where p’ is the effective means stress and q is the
differential stress. Samples that failed via shear
localization are characterized by a linear envelope
described by a Coulomb-Mohr type failure criteria. Yield points at the onset of shear-enhanced
compaction (C*) describe an elliptical envelope
(CAP model) with negative slope.
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Figure 4.11. Strength envelope in p’-q space for
samples where propagation of shear and compaction bands were observed in laboratory deformation experiments. We report data from this study
(gray circles). Data from Tembe et al., [2008] on
Diemelstadt sandstone (diamonds) and Bleurwiller
(square), and Baud et al., [2012] on Diemelstadt
sandstone (diamonds) are also shown.
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Figure 4.12. Permeability-porosity relation for (a) raw data, (b) normalized porosity and permeability. Full symbols represent permeability measured during hydrostatic loading (k0 and k1). Open
symbols represent measurements performed at the end of the triaxial deformation (k2).
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50

7.1

1.54 10-14
1.20 10-14
5.12 10-15

1
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1
5
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1
7
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1
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1
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Loading
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Permeability

34.1
(C*)

	
  
	
  
Table	
  4.1.	
  Summary	
  of	
  starting	
  experimental	
  boundary	
  conditions,	
  critical	
  stress	
  
states	
  and	
  permeability.	
  

118

Chapter 5

The Slip Behavior of Serpentinite and its Significance in
Controlling the Mode of Fault Failure

Abstract
Recent observations of deep tremor and low-frequency earthquakes (LFE) have raised
fundamental questions about the physics and processes responsible for such slip behaviors.
The presence of serpentinite at characteristic P-T conditions where most deep tremor and
LFE are located is suggested by slow seismic velocities, high Poisson`s ratios, and studies of
exhumed fault systems. Despite the inferred presence of serpentinite, little is known about its
hydrological and mechanical properties. Here, we report on experiments designed to
investigate the frictional behavior of serpentinite recovered from outcrops (SO1 and SO2)
and the SAFOD borehole (G27). XRD analyses reveal the presence of lizardite, kaolinite,
talc and hydrotalcite in the SO1; lizardite, clinochlore and magnetite in SO2; and lizardite,
quartz and calcite in G27. We powdered samples from intact blocks to a grain size <150 µm
and sheared the resulting gouge in a double-direct shear configuration using a true triaxial
deformation apparatus. Effective normal stress (σ’n = σn – Pp) was kept constant throughout
our experiments at values from 2 to 40 MPa. Shear stress was applied via a constant load
point displacement rate, and velocity was increased stepwise from 0.1 to 100 µm/s, after
which a series of slide-hold-slide (SHS), were performed. At the end of each experiment we
measured the resulting permeability and samples were prepared for microstructural analysis.
Mechanical strength varied from µ=0.17 for SO1, µ=0.33 for SO2 and µ=0.53 for G27.
Gouges exhibit overall velocity strengthening behavior, with values approaching velocity
neutral at the highest effective normal stress. SHS tests show positive healing rates for S02
and G27; contrarily, SO1 shows negative to zero healing. Permeability decreases with
increasing σ’n, with SO1 (k ~ 10-20 m2) being characterized by the lowest permeability.
Microstructural observations revealed a well-developed R-Y-P fabric in SO1, which is not
observed in SO2 and G27. We posit that the development of different shear fabrics controlled
by mineralogy, within serpentinite gouge, controls frictional and hydrological properties. In
this context, when serpentinite is associated with other weak phyllosilicates minerals, for
typical seismogenic depths, it can control the mode of failure along subduction zones and
major plate boundary faults.
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Introduction
	
  
	
  
In the past decade, a new family of earthquakes, such as low frequency
earthquakes (LFE) and non-volcanic tremors, has been observed worldwide along
subduction zones and major plate boundary faults [e.g. Shelly, 2009; Gomberg, 2010;
Audet et al., 2010; Wech et al., 2012]. LFE and tremors are typically located at the plate
boundary interface along subduction zones, near the down-dip limit of megathrust
earthquakes (locked zone). This is suggestive of a potential interaction with large interplate earthquakes. It has been shown that LFE represent relatively slow, but accelerated
shear slip at the plate interface, which distinguish them from “regular” earthquakes [Ide
et al., 2007]. Shelly [2009], documented accelerated creep, associated with tremor
activity, beneath the hypocenter of the 2004 Parkfield earthquake, during the three
months preceding the main event (M=6). In this scenario, understanding the interaction
between LFE and tremors with major earthquakes is of primary importance for models of
earthquake predictability. However, little is known about deep fault deformation as well
as the physical mechanism(s) that differentiate LFE from regular earthquakes.
Slow earthquakes are usually associated with the presence of, pressurized,
aqueous fluids at the plate interface, as documented by low shear wave speed velocity
and high Poisson’s ratios [Shelly et al., 2006; Audet et al., 2009]. It is commonly
accepted that over-pressurized fluids, at near lithostatic pore fluid pressure, can
dramatically lower the effective stress acting in these areas, favoring the
nucleation/propagation of slow slip events (i.e., a transition from stable creep to
conditionally unstable regime) [Kodaira et al., 2004]. Although excesses in pore fluid
pressure appear to play a critical role, it cannot alone explain the long characteristic
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duration, spatial distribution and small release of radiated energy observed during LFE
and tremor sequences. The material in the overriding plate must also play an important
role [Kato et al., 2010; Beroza and Ide, 2011]. As a consequence, other physical
mechanisms must be responsible for differentiation between slow and regular
earthquakes.
Along subduction zones, the dehydration of the subducting slab liberates silicarich fluids. This process transforms dry olivine rocks of the incoming plate into hydrous
phases, such as serpentine minerals (antigorite, lizardite and chrysotile), at the
characteristic depths where LFE and tremors are located [e.g., Audet et al., 2010;
Reynard, 2013; Hirt and Guillot, 2013]. Talc may also form in the forearc mantle wedge
along the plate interface by the reaction of silica-saturated fluids with serpentinite
[Hyndman and Peacock, 2003]. Field observations revealed that serpentinization is not
pervasive, but rather a heterogeneous process due to fracture controlled fluid distribution
[e.g., Peacock, 1987; Hyndman, 2003]. In addition, evidence of talc-rich shear zones
associated with serpentinized mantle have been documented in exhumed subduction
complexes [Bebout and Barton, 2002; King et al., 2003; Spandler et al., 2008; Soda and
Takagi, 2010]. A heterogeneous distribution of serpentinite and talc-rich patches (i.e.,
shear zones) can strongly control the mechanical and hydrological properties of the slabmantle interface, with important implications for seismogenesis.
Friction laboratory experiments have shown that talc can significantly lower the
mechanical strength of fault rocks by forming an interconnected network of weak shear
planes [e.g., Collettini et al., 2009a; Niemeijer et al., 2010; Hirauchi et al., 2012]. Moore
et al. [2011] studied mixtures of serpentinite and talc and found that even very minor
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amounts of talc can have a major impact on the shear strength of simulated gouges.
Furthermore, they reported a decrease in the coefficient of friction (µ) from µ=0.55, for
talc free lizardite-serpentine gouge, to µ~0.2 when talc was ~20wt%. Furthermore,
microstructural observations have shown that lizardite- and antigorite-serpentine rich
gouge are mainly characterized by distributed deformation, accommodated by cataclastic
flow within the gouge which results in a preferred crystallographic orientation of the
serpentine grains [Escartin et al., 1997; Reinen, 2000]. However, when the same
serpentine polymorphs (i.e. lizardite and antigorite) are associated with talc, shear tends
to localize along narrow talc-lined R1 and B shear planes [Moore et al., 2011; Hirauchi et
al., 2012]. These observations suggest that frictional slip on talc rich shear planes is the
main deformation mechanism that can dramatically alter the mechanical behavior of
serpentine-talc rich gouges. However, little is known about the slip stability, healing
properties, and hydromechanical behavior of serpentinite rich fault gouges.
The purpose of this paper is to report on an experimental investigation of the
frictional behavior, including velocity dependence friction and frictional healing, and
hydrological properties of natural, serpentine-rich fault gouges. We study serpentinites
recovered from an exhumed subduction zone and an active fault zone (SAFOD Phase III)
over a range of effective normal stresses, from 2 to 40 MPa, in order to determine the
spectrum of slip behaviors relevant for LFE and seismogenesis (low to high effective
normal stress, respectively). We inform our mechanical and hydrological results with
microstructural observations in order to shed light on the mechanics behind low
frequency earthquakes and tremors.
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Sample Characterization

Serpentinite samples were recovered from outcrops in the vicinity of New Idria,
California, and from the SAFOD borehole (San Andreas Fault Observatory at Depth,
Phase III) (Figure 5.1). The serpentinites outcropping in the New Idria area are believed
to represent serpentinized mantle as part of the Franciscan subduction complex
[Coleman, 1996]. We selected two different types of serpentinites outcropping in this
area and use them as a proxy for material present at the slab-mantle interface, at the
characteristic depth where LFE and tremors are usually located, along active subduction
zones. The serpentinite from outcrop #1 (SO1) was recovered from a highly foliated fault
mélange, surrounded by intact wall rocks (Figure 5.1a). X-ray diffraction analysis (XRD)
reveals a composition mainly characterized by lizardite-serpentine associated with
mineral accessories such as kaolinite, talc and hydrosodalite (Figure 5.1b). The
serpentinite from outcrop #2 (SO2) was chosen because of evidences of shear and
recovered as intact specimens (Figure 5.1c). Samples were characterized by a welldeveloped foliation, with striations parallel to the foliation as shear indicators, and a
darker fine-grained matrix. XRD analysis reveals the presence of lizardite-serpentine,
clinochlore, and magnetite (Figure 5.1d). The third serpentinite sample used for this study
was recovered at a true vertical depth of ~3 km along the creeping section of the San
Andreas Fault during Phase III coring of the SAFOD borehole. The sample is located
within the Southwest Deforming Zone (SDZ) and embedded in a wider serpentinite
block, roughly 30 cm thick, hypothesized to be entrained within the fault zone (Figure
5.1e) [Hadizadeh et al., 2012]. XRD analysis shows a composition characterized by
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lizardite-serpentine, quartz, and calcite (Figure 5.1f). For all of our experiments, rock
samples were powdered and sieved to a uniform grain size <150 µm.

Experimental Methods

We performed double-direct shear experiments on layers of powdered gouge
under fluid-saturated conditions using a biaxial testing apparatus equipped with a
pressure vessel to allow true-triaxial loading (Figure 5.2a). Normal load was applied via a
servo-hydraulic fast acting horizontal ram, in a load-feedback control mode, in order to
maintain a constant load throughout the experiment. Similarly, shear stress was induced
via a servo-hydraulic vertical ram, operated in displacement-feedback control, in order to
accurately control shear velocity. Shear and normal loads were measured using custombuilt beryllium copper, strain gauged load cells with an amplified output of ± 5V and an
accuracy of ± 0.1 kN. Vertical and normal displacements were measured via direct
current displacement transducers (DCDTs) attached to the vertical and horizontal pistons
with an accuracy of ± 0.1 µm (Figure 5.2a). A linear variable differential transducer
(LVDT) was positioned within the pressure vessel across the gouge layers (Figure 5.2a).
This was done to more accurately measure horizontal displacement during shear, thus,
avoiding artifacts from piston friction. Load point displacement measurements were
corrected for the stiffness of the testing apparatus with nominal values of 0.37 kN/µm for
the horizontal load frame and 0.5 kN/µm for the vertical frame. The pressure vessel is
equipped with two dynamic seals, which provide access for the vertical and horizontal
pistons (Figure 5.2a) [see Samuelson et al., 2009 for details]. Additional fluids and
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confining oil ports allow a connection of the internal tubing within the pressure vessel, to
three independent intensifiers used to apply up- and down-stream pore fluid pressure and
confining pressure. Pore fluid and confining pressure were servo-controlled using fastacting servocontrollers, and measured via in-line diaphragm pressure transducers accurate
to ± 7 kPa. Confining pressure was applied using non-toxic, hydrogenated, paraffinic
white oil (XCELTHERM 600, Radco Industries). All data were recorded using a 24-bit
±10V, 16-channel analog to digital converter at a rate of 10kHz, which was then averaged
to obtain sampling rates between 1Hz and 10kHz.
Layers of simulated fault gouge were sandwiched in a three-block sample
configuration, consisting of a central forcing block and two stationary side blocks (Figure
5.2b). Forcing blocks are constructed from hardened steel and equipped with internal
channels that provide access and flow paths for fluids to enter the gouge layers. Sintered
stainless porous frits (k ~ 10-14 m2) were positioned in depressions within the forcing
blocks to allow homogeneous distribution of fluids over the sample. The frits were prestressed to a value above the maximum normal stress for these experiments. To localize
shear within the gouge layers, frits were machined to obtain grooves 0.8 mm in height
and 1mm spaced [Marone et al., 2008]. The gouge layers were prepared using leveling
jigs in order to obtain a uniform layer thickness of 5 mm and a nominal contact area of
5.4 cm x 6.2 cm. Once the layers were constructed, and the side blocks secured to the
central block, the assembly (i.e., forcing blocks and gouge layers) was jacketed to
separate the gouge sample from the confining medium. The jacket consisted of: (1) a
layer of rubber sheet (~4mm thick), (2) two layers of latex rubber tube, and (3) two
custom built, latex boots that covered the entire sample assembly [Scuderi et al., 2013].
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The assembly was sealed using steel wires at the position of rubber O-rings; fittings and
tubing for fluid access were connected, and then the sample was placed within the
pressure vessel.
In each experiment, normal force was initially applied by operating the horizontal
ram in a displacement-control mode, until a small load was applied (~2MPa), and then
switched to load-control mode. Layer thickness under load was measured, the pressure
vessel was closed, filled with oil, and a confining pressure of 1 MPa was applied. An upstream pore fluid pressure (usually 0.5 MPa) was then applied, using deionized water
(DI) as the pore fluid, until flow through the gouge layers was established. The downstream pore fluid line was then connected and left to equilibrate with the up-stream side
(i.e. drained conditions). Normal stress, confining pressure, and pore fluid pressure were
then raised to the target effective stress. When the gouge layers reached a steady state of
mechanical compaction, the vertical ram was driven down at a constant velocity,
applying force on the central block and inducing shear within the gouge layers. The
values of shear stress and vertical displacements, reported in the following sections, were
corrected for elastic compression of the rubber jacket.
Each experiment began with a “run-in” at constant shear velocity of 10 µm/s for
7-10 mm, in order to compress the rubber jacket and localize shear within the gouge
layers, until a steady state shear strength was achieved (Figure 5.3a). Velocity was then
increased stepwise in 3-fold increments from 0.1 to 300 µm/s (for experiments with a
single effective stress), or from 0.1 to 100 µm/s with 10x increments (for experiments
with two effective normal stresses) with a constant shear displacement of 500 µm at each
step (Table 5.1 and Figure 5.3a). In order to investigate healing properties of gouge
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layers, a series of slide-hold-slide (SHS) was then performed, with hold times from 3 to
1000 s and a re-shear velocity of 10 µm/s for 500 µm (Figure 5.3a). At this stage,
permeability was measured. For experiments with multiple effective normal stresses,
normal stress, confining pressure, and pore fluid pressure were raised to the new target
and the procedure described above was repeated.
At the end of each experiment, the stress field (Pp, Pc and σn, in this order) was
carefully removed, the pore pressure lines disconnected, and sample was removed from
the pressure vessel. Careful attention was given during the jacket removal to not cause
damage to the resulting gouge layers and to preserve the shear fabric formed during the
experiment for further Scanning Electron Microscopy (SEM) analysis.

Friction Measurements
We investigated frictional constitutive properties, velocity dependence of friction
and frictional healing, over a range of effective normal stresses, from 2 to 40 MPa (Table
5.1). The overall shear strength was measured, for each effective normal stress, at a
constant velocity of 10 µm/s once steady-state frictional sliding was achieved (Figure
5.3a). We fit the resultant values with a Coulomb-Mohr failure criteria of the form:
τ = C +µss σ’n

(1)

where τ is the shear stress, C is the cohesion [Handin, 1969], µss is the coefficient of
stable sliding friction, and σ’n is the effective normal stress [Hubert and Rubey, 1959]
calculated as:
σ’n = σn + (0.539 Pc) – Pp

(2)
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where σn is the applied normal stress, Pp is the average pore fluid pressure, and Pc is the
confining pressure, with the coefficient, 0.539, accounting for the contribution of
confining pressure to the normal stress in our experimental geometry [Samuelson et al.,
2009; Ikari et al., 2009].
Stability of fault slip was evaluated in the context of rate- and state-dependent
frictional constitutive equations (Figure 5.3b) [Dieterich, 1979,1981]:
µμ = µμ! + aln v v! + bln(vθ D )
!

dθ dt = 1− v0θ Dc

(3)
(4)

Where a and b are empirically derived constants (unitless), θ is the state variable (units of
time), and Dc is the critical slip distance. The state variable, θ, is interpreted to represent
the average life time of asperity contacts that control the evolution of frictional resistance
upon a velocity perturbation, and Dc represents the distance required to renew a contact
population [Marone, 1998]. We quantify frictional stability using the friction rate
parameter (a-b), defined as:
𝑎−𝑏 =

Δ𝜇!!

ln  (𝑣 𝑣! )

(5)

where Δµss is the change in steady-state friction, in response to an instantaneous change
in shear velocity from v0 to v. Positive values of (a-b) denote velocity-strengthening
behavior, indicative of an increase in shear strength as velocity is increased, resulting in a
stable, aseismic slip (Figure 5.3b). Conversely, negative values of (a-b) denote velocityweakening behavior, which is a pre-requisite for unstable or conditionally unstable
behavior associated with dynamic slip instability (Figure 5.3b). For a system that obeys
equations (3) and (4), slip stability is controlled by:
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𝑘! =

𝜎!! (𝑏 − 𝑎)

𝐷!

(6)

where kc is the critical stiffness [e.g. Marone, 1998; Rubin, 2008]. Instability from
steady-state sliding can occur only if the value of the system stiffness (k) is less than a
critical value (kc), otherwise for k > kc the system will be characterized by stable sliding.
In order to obtain values of a, b, Dc and (a-b), we modeled experimental data by
considering the elastic interaction between the sample and its surroundings (testing
apparatus) by using a single degree of freedom elastic relation of the form:
𝑑𝜇

𝑑𝑡 = 𝑘(𝑣!" − 𝑣)

(7)

where k represents the elastic stiffness of the testing apparatus normalized by the
effective normal stress with units of [µm-1], vlp is the load point velocity and v represent
the slip velocity. We then solved equations (3-4) and equation (7), using a fifth order
Runge-Kutta method. To obtain the best-fit constitutive parameters, we inverted
experimental data by using an iterative, least squares method (Figure 5.3c, d) [Blanpied et
al., 1998; Saffer and Marone, 2003].
Slide-hold-slide tests are commonly used to mimic the seismic cycle, where after
a stage of sliding (co-seismic), the system is held under quasi-stationary contact during
the hold period (inter-seismic), and subsequently slips again (Figure 5.3f) [Beeler et al.,
1994; Marone and Saffer, 2014]. By varying the hold time, it is possible to determine the
rate of frictional healing (β) and creep relaxation (βcreep) as:
𝛽=

Δ𝜇

𝛽!"##$ =

log  (𝑡! )

Δ𝜇!"##$

(8)

log  (𝑡! )

(9)
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where Δµ represents the increase in peak friction after a hold time (th), relative to the
initial values of sliding friction, representing fault strength recovery during the interseismic period (Figure 5.3f). Δµcreep represents the decrease in friction (i.e., creep
relaxation) during the hold period relative to the initial value of friction (Figure 5.3c).
Positive healing rates and velocity-weakening behavior are the pre-requisites for repeated
earthquakes on a fault patch. The creep relaxation that occurs during a hold can be
associated with the amount of afterslip that occurs on a previously slid fault patch
[Marone et al., 1991].

Dilatancy Measurements
To analyze the degree of shear localization in response to a velocity perturbation,
we measured changes in gouge layer thickness and report it using the parameter α
[Marone and Kilgore, 1993]:
𝛼 = Δℎ log  (𝑣 𝑣 )
!

(10)

Where Δh represents the change in layer thickness across a velocity step from v0 to v
(Figure 5.3e). The values of Δh were obtained after removing a monotonic linear trend
for layer thinning due to our simple shear geometry (Figure 5.3e) [Samuelson et al.,
2009]. An increase in α with increasing shear velocity may result in dilatancy hardening,
associated with a pore fluid pressure drop, leading to aseismic behavior [Segall and Rice,
1995; Samuelson et al., 2007, 2009]. On the other hand, a decrease in α with increasing
shear velocity may result in compaction and/or shear localization, which would favor
nucleation of dynamic slip [Marone and Kilgore, 1994].
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Permeability Measurements
For each effective normal stress investigated, at the end of the shear cycle, we
measured permeability using a constant head method. We imposed a constant fluid
pressure gradient normal to the gouge layers, by operating the pore fluid pressure
intensifiers in a load-control mode set with a difference in pressure of 1 MPa between the
upstream (Ppa) an downstream (Ppb) sides. Permeability was then calculated using the
resulting flow rate across the gouge layers, once a steady state was achieved by applying
Darcy’s law:
𝑄 = 𝐴𝑘 𝜂

!"!
!!

(11)

Where Q is the flow rate [m3s-1], A is the cross-sectional area [m2] of the gouge layers, k
is the permeability [m2], and η is the fluid viscosity [Pa s]. dPp is the imposed pressure
difference between the up- and down-stream intensifiers and dh is the layer thickness. We
used values of η = 1.12x10-3 [Pa s], A = 0.003294 [m2], and the average flow rate
between the up- and down- stream inlet, difference <5% (i.e. system at steady state),
when calculating permeability.

Experimental Results

Frictional Strength
We measured the shear strength (τ) of gouge layers and the corresponding
coefficient of sliding friction (µss) after attaining a residual, or steady-state shear strength
(Figure 5.3a). All three serpentinites investigated show a positive relationship between
shear stress (τ) and effective normal stress (σ’n), typical of a Coulomb-Mohr type failure
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criteria (eq. 1) (Figure 5.4a). Gouge strength varies between the samples, with values of
internal friction ranging between µ=0.53 for G27, µ =0.33 for SO2 and µ =0.17 for SO1.
Our best-fit parameters show that cohesion is negligible for all the gouge types, with
values of 0.88 <C< 1.28 MPa. This is consistent with previous work finding that
powdered gouges are generally cohesionless (Figure 5.4a) [Byrlee, 1978; Saffer and
Marone, 2003]. Similarly, the coefficient of steady-state friction (µss) decreases as the
effective normal stress is increased for all gouge types (Figure 5.4b). Serpentine G27 is
characterized by the highest values of µss, ranging between 0.68 - 0.53, at σ’n = 2 and 40
MPa respectively. Gouge SO2 shows a µss of 0.62 at σ’n = 2 MPa and decreases to a
value of µss = 0.31 at σ’n of 40 MPa. SO1 is the weakest gouge tested, showing
decreasing values of µss, between 0.4 and 0.17 as σ’n is increased from 2 to 40 MPa
(Figure 4b).

Velocity dependence of friction
All the three serpentine gouges tested show an overall velocity strengthening
behavior over the range of effective normal stresses and velocities investigated (Figure
5.5). SO1 is characterized by values of the friction rate parameter, a-b, in the range of
0.005 – 0.028 (Figure 5.5a); SO2 shows a range between 0.000 and 0.020 (Figure 5.5b)
and serpentine G27 from 0.001 to 0.013 (Figure 5.5c). All gouge types exhibit an
increase in a-b as velocity is increased (Figure 5.5a, b and c). The most positive values of
a-b are generally observed at low σ’n and the highest velocities and decrease as the
effective normal stress is increased (Figure 5.5d, e and f). SO1 generally shows higher
values of a-b at all values of σ’n, when compared with SO2 and G27. We note that at
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slow velocities, a-b is constant as effective normal stress is increased, however, the
values obtained from the fast velocity step (i.e. velocity step from 10 to 100 µm/s)
decrease as σ’n increases (Figure 5.5d). Samples SO2 and G27 do not show any
significant relationship between a-b and effective normal stress, however we observe that
at slow velocities (i.e. 0.1 to 1 µm/s) a-b is generally in the velocity neutral regime
(Figure 5.5e, f).
In all cases, we find that the friction rate parameter a is greater than b, with values
of a in a range from 0.002 to 0.012 and are relatively insensitive to the applied effective
normal stress (Figure 5.6). Conversely, we observe a different evolution for the friction
rate parameter b, as a function of gouge type and σ’n. SO1 shows consistently negative
values of b that approach b=0 as effective normal stress is increased (Figure 5.6a). The
most negative values of b are observed at low σ’n and high sliding velocities. SO2 and
G27 consistently show positive values of b that evolve in s similar manner to the friction
rate parameter, a. We note an exception at σ’n = 2 MPa and the highest velocities (i.e.
velocity steps from 30-100 and 100-300 µm/s), where b evolves to negative values
(Figure 6b and c).

Dilation
We monitored the evolution of gouge layer thickness throughout each experiment,
and report variations associated with perturbations in shear velocity during velocity steps,
as quantified by the dilation coefficient α (eq. 10). We consistently observe positive
values of α for all gouge types, with values between 0.5 and 4.0 µm (Figure 5.7). No
discernible trend in α is observed as a function of shear velocity or effective normal

133

stress (Figure 5.7a). When the dilation coefficient α is plotted against the friction rate
parameter b, data show that for negative to 0 values of b, α is generally smaller than
when b is positive (Figure 5.7b). SO1 shows the smallest values of α, in a range of 0.5 to
2.0 µm, associated with the most negative value of b at σ’n = 2 MPa. SO2 does not show
any particular evolution of α with b, being characterized by a main cluster for 0 <b<
0.005 and values of α between 1 and 2 µm. Serpentine G27 exhibits the most positive
values of b, corresponding with the biggest values of α, in a range of 1.8 to 4.0 µm
(Figure 5.7b).

Frictional Healing
Data show that the evolution of frictional healing (Δµ) is a function of hold time,
gouge type, and effective normal stress (Figure 5.8). SO1 shows the lowest values of
frictional healing when compared with SO2 and G27, with values of Δµ in the range of 0.01 and 0.006 (Figure 5.8a). At σ’n = 2 MPa, we document a decrease in Δµ as the hold
time is increased, with values evolving from Δµ ~ 0 to -0.01. As the effective normal
stress is increased, Δµ tends to stabilize around 0, without showing any significant
dependence on hold time. On the other hand, SO2 and G27 always show positive values
of frictional healing that increase with hold time, and decrease with increasing effective
normal stress (Figure 5.8b, c). The frictional healing rate (β), is obtained from the
logarithmic best-fit of Δµ shown in Figure 5.8. β evolves in two different manners as the
effective normal stress is increased (Figure 5.9a). SO2 and G27 show a decrease in the
healing rate as σ’n is increased, approaching constant values of 0.002 (SO2) and 0.003
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(G27) Δµ /decade, at σ’n > 20 MPa. Conversely, SO1 evolves from negative values of β
to near 0 values of healing rate once σ’n > 20 MPa.
Our results from creep relaxation (Δµcreep) during the hold period show that all the
three gouge types undergo comparable creep relaxation. We observe that Δµcreep increases
log-linearly as the hold time is increased, and decreases as the effective normal stress is
increased (Figure 5.8d, e and f). The creep rate (βcreep), reported as a function of σ’n,
shows the highest rates at low effective normal stress, and clusters together, for all the
gouge types, once σ’n> 30 MPa (Figure 5.9b).
Details on the evolution of gouge layer thickness (h) can give us important
information on the mode of shear accommodation during the hold period and re-shear
stage (Figures 5.10 and 5.11). At an effective normal stress of 2 MPa, we observe that
SO1 undergoes a small amount of dilation during the hold period and do not shows
significant variation in layer thickness upon re-shear (Figure 5.10d, e and f). We observe
this for every hold period. SO2 and G27 undergo time-dependent compaction during the
hold (Figure 5.10d, e and f). Upon re-shear, after a transient stage at constant h, the gouge
layer compacts at a similar rate as prior to the hold. At a higher effective normal stress of
40 MPa, all the three gouge types undergo time-dependent compaction during the holds,
with SO1 consistently showing the smallest amount of compaction (Figure 5.11 d, e and
f).

Permeability
All three gouge types investigated show a decrease in permeability with
increasing effective normal stress (Figure 5.12). Serpentine G27 shows the highest
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permeability over the entire range of effective normal stresses, with values ranging from
k=2.43x10-16 m2 at σ’n = 2 MPa to k =3.32x10-18 m2 at σ’n = 40 MPa. SO2 shows slightly
lower permeability than G27, with values of k = 6.05x10-18 m2 at σ’n = 2 MPa and k
=1.20x10-18 m2 at σ’n = 40 MPa. The lowest values of permeability are observed for SO1,
with values decreasing from k =1.75x10-17 m2 at σ’n = 2 MPa to k =7.07x10-20 m2 at σ’n =
40 MPa.

Microstructures

We performed microstructural analysis of our deformed samples at σ’n = 2 MPa
(Figure 5.13). Due to the difficulty in collecting post experiment samples, the analysis
was only down at low effective normal stress. We find that through-going Riedel (R1)
shear planes are the dominant and common feature between the three gouge types (Figure
5.13), consistent with previous work [Logan et al., 1979; Beeler et al., 1996; Marone,
1998; Niemeijer et al., 2010; Haines et al., 2013]. Sample SO1 is characterized by welldefined boundary-shear planes (B), and through-going R1 planes, which propagate from
the boundary of the gouge layer (Figure 5.13a). Oriented in the opposite direction to the
R1, we observe the development of P planes, at high angle with respect to the R1 planes.
Both R1 and P planes, are cross-cut by very thin Y-shear planes, that propagate parallel to
the direction of shear, where deformation is highly localized (Figure 5.13a, d). The
development of this well-defined R-Y-P fabric, reported for gouge SO1, is not observed
for gouges SO2 and G27 (Figure 5.13). SO2 exhibits angular to sub-rounded clasts with
dimension <100 µm, dispersed in a finer matrix. The main structures observed are
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boundary shear planes (B) (Figure 5.13b) associated with through-going R1 planes, where
we observe the occurrence of very fine clasts (Figure 5.13e). Similarly, serpentine G27 is
characterized by angular and sub-rounded clasts (Figure 5.13f), boundary shear and R1
planes cross cutting the entire layer (Figure 5.13c, f).

Discussions

Hydromechanical behavior
The differences in frictional strength and permeability are most likely controlled
by the development of different shear fabrics induced by the accessory minerals present
in each gouge type. The frictional strength reported for SO2 (µ=0.33) and G27 (µ =0.53)
samples is comparable with other studies performed at room temperature on serpentinelizardite gouge samples. Those studies reported a coefficient of friction in the range of
0.4 to 0.6 [Reinen et al., 1994; Moore et al., 1997]. SO1 exhibits the lowest shear
strength, with coefficient of friction as low as 0.17 (Figure 5.4). Previous studies
documented that even a small quantity of talc can cause a dramatic weakening of fault
gouge, lowering the shear strength toward the strength of pure talc (µ ~ 0.15) [Moore et
al., 2008; Collettini et al., 2009a; Carpenter et al., 2009; Niemeijer et al., 2010; Moore et
al., 2011; Hirauchi et al., 2012]. Accordingly, the observed coefficient of stable sliding
friction (µss) is always lower for SO1, when compared with SO2 and G27, and decreases
as the effective normal stress is increased (Figure 5.4b). The characteristic pressure
dependence of µss is the result of frictional processes, indicating that in the range of σ’n
investigated we are below the threshold of plastic yielding.
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Post-shear permeability measurements always exhibit lower values for SO1 when
compared with SO2 and G27, with this difference increasing as the effective normal
stress is increased and approaching one order of magnitude at the highest σ’n (Figure
5.12). To our knowledge, only a few studies have investigated the permeability of
serpentinites, reporting values of permeability between 10-19 and 10-22 m2, for confining
pressures up to 50 MPa [Kawano et al., 2011; Katayama et al., 2012].
The development of localized shear fabric within a gouge layer can control both
the frictional strength as well the resulting post-shear permeability of phyllosilicate rich
gouge layers [Ikari et al., 2009; Carpenter et al., 2009; Moore et al., 2011]. Haines et al.
[2013] found that, in clay rich gouges, the fabric evolves accordingly with the stressstrain history of gouge layers. The propagation of highly localized Riedel shear planes
occurring in correspondence with the yield strength of the gouge (i.e. the point at which
we pick the stable sliding coefficient of friction in Figure 5.3). With increasing shear
strain, they found that the orientation of the R1 planes progressively decreases, while the
coefficient of friction reaches a constant residual value. Ultimately, at high shear strain,
they documented the formation of an interconnected network of undulatory R1 planes,
cross cut by Y-shear planes, bounding a P foliation, resulting in a R-Y-P fabric. They
conclude that the weakness of clay-rich material can be attributed to strain
accommodation along very narrow surfaces without significant cataclasis. A similar
conclusion has been reached by Moore et al. [2011] on talc-serpentine mixtures.
Our microstructural analysis shows that the resulting shear fabric is different
depending on whether or not other weak phyllosilicates are associated with serpentinelizardite (Figure 5.12). The formation of a R-Y-P fabric is favored in SO1, likely due to
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the concomitant presence of platy minerals such as talc, kaolinite and lizardite. Those
minerals can easily rotate together and align in the shear direction, localizing shear and
promoting weakening and an associated reduction permeability (Figure 5.14) [Moore et
al., 2011; Haines et al., 2013]. The opposite is true for SO2 and G27, where the presence
of magnetite and clinochlore (SO2), and calcite and quartz (G27), interact with the
lizardite sheets, preventing shear induced grain reorientation (compare Figure 5.13d, e
and f). This results in higher frictional strength and permeability, when compared with
SO1 (Figure 5.14). We posit that the presence of platy phyllosilicates, and the consequent
formation of a highly localized and interconnected R-Y-P shear fabric (Figure 5.13d), can
significantly decrease the overall shear strength of the gouge, with Y-shear planes acting
as barriers to fluid flow across the gouge layers (Figure 5.14).

Frictional Constitutive Properties: Velocity dependence of friction
We find that frictional constitutive properties are a function of effective normal
stress and vary depending on gouge type. We report that the friction rate parameter a-b is
generally bigger and always in the velocity strengthening regime for SO1, when
compared with SO2 and G27 (Figure 5.5). The reported values of the friction rate
parameter a do not vary significantly as a function of gouge type or effective normal
stress (Figure 5.6). Thus, the resulting values of the friction rate parameter a-b are
attributable to difference in the evolution of the parameter b (Figure 5.7). We find that
SO1 is characterized by consistently negative values of b, with the largest negative values
observed at higher velocities. We also observe values approaching b~0 as the effective
normal stress is increased. The opposite is true for SO2 and G27, which show generally
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positive values of b, evolving in a similar manner as a, with increasing σ’n. Values of b =
0 have been previously reported for clay-rich material [Saffer and Marone, 2003; Ikari et
al., 2007, 2009], serpentinite [Reinen et al., 1994], talc [Moore et al., 2008], quartz-talc
mixtures [Niemeijer et al., 2010; Moore et al., 2011], and lizardite-talc mixtures [Moore
et al., 2011]. The friction rate parameter b is generally interpreted as a measure of the
change in frictional strength associated with the evolution of real contact area due to the
renewal of contact asperities when shear velocity is perturbed [Dieterich, 1979, 1981;
Scholz, 2002]. Previous studies have proposed the concept of “contact saturation”, where
the surfaces of the minerals composing the gouge layers are in complete contact. As a
consequence, upon a velocity perturbation, the real area of contact does not evolve
[Saffer and Marone, 2003]. However, the physical significance of negative values of b is
still object of debate, and poorly understood. Nevertheless, it is fundamentally important
to understand the physics behind this observation because it can control the evolution of
a-b and as a consequence the mode of fault slip. Negative values of b cannot be
associated with a further evolution of contact area, because of the evolution to a higher
shear strength associated with positive values of dilation (Figure 5.7b) [Ikari et al., 2009].
We also observe that negative values of b are generally associated with gouge completely
or partially (i.e. above a characteristic threshold) composed by phyllosilicate minerals,
and it is favored at low effective normal stresses and high shear velocities. Reinen et al.
[1994] reported values of negative b for dry serpentine gouges; Niemeijer et al., [2010]
studied dry mixtures of quartz-talc, showing a reduction in shear strength, associated with
an evolution from positive to negative values of b as talc content increased in the gouge
layers (their Figure 1). Similarly Moore et al., [2011] shows that, in lizardite-talc
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mixtures under hydrothermal conditions, b evolves from slightly positive values, when
talc is 0%, to negative when talc is >20% (their Figure 2). Furthermore, Ikari et al.
[2009], shows that for water saturated gouges where the clay content (montomorillonite,
smectite and chlorite) is 100%, b is generally negative at high velocities (v >10 µm/s),
evolving toward b ~ 0 as effective normal stress is increased. They proposed two
explanations for the observed negative b: (1) a purely mechanical dilatant mechanism
related to shear fabric evolution, and (2) a mechanism that invokes a transient decrease in
pore fluid pressure, related with long fluid diffusion times due to low gouge permeability,
which increases the effective normal stress and causes gouge strengthening. However, it
is difficult to rule out one mechanism in favor to another, we believe that the
development of a highly localized shear fabric, favored by the sheet like shape of
phyllosilicates and their interaction, such as crystal reorientation and/or rotation of R1
shear planes, is the primary mechanism in controlling the evolution to a negative value of
b. In fact, if the negative evolution effect was solely caused by pore fluid pressure
variations, we should not observe it in dry experiments. However, the “dry” experiments
were run under room humidity conditions, and so chemical reactions affecting frictional
strength and evolution of asperity contacts, in this cases should not be ruled out [Frye et
al., 2002]. We will further discuss a possible physical mechanism for negative b and its
implication for faulting in the following sections.

Frictional Constitutive Properties: Frictional healing
The competition between frictional healing (Δµ) and creep relaxation (Δµcreep) is
indicative of the stability of fault slip [Carpenter et al., 2014a, b; Marone and Saffer,
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2014]. Repeated frictional failure, as observed in the seismic cycle, requires that fault
gouge strengthen at a rate greater than the rate of stress relaxation (i.e. β > βcreep) [Marone
and Saffer, 2014]. Our data show that the rate of creep relaxation (βcreep) is always greater
than the frictional healing rate for all the gouge types and effective normal stresses
investigated (Figure 5.9), in agreement with the values of a-b in the velocity
strengthening/neutral regime (Figure 5.5). We also observe systematic differences in both
β and βcreep depending on gouge type and effective normal stress. SO2 and G27 are
always characterized by positive β, approaching constant values above σ’n >20 MPa
(Figure 5.9a). Contrarily, SO1 is always characterized by negative healing rates,
approaching β=0 as σ’n is increased up to 20 MPa (Figure 5.9a). Healing rates of zero or
below zero are usually interpreted to indicate time-dependent weakening, and have been
observed in a very narrow range of gouge compositions, primarily associated with
phyllosilicates [Reinen et al., 1994; Carpenter et al., 2011; Barth et al., 2013; Carpenter
et al., 2013]. However the physical mechanism at the origin of time-dependent
weakening that allows friction to decrease with hold time is still obscure.
Details on the evolution of gouge layer thickness (h) show that the differences in
the observed healing rate could be attributed to the different mode in accommodating
shear between the different gouge types (Figures 5.10 and 5.11) [e.g. Beeler and Tullis,
1997; Marone, 1998; Bos and Spiers, 2000; Carpenter et al., 2014b]. In fact, at σ’n = 2
MPa, the SO2 and G27 undergo similar compaction during hold time, which is consistent
with the observation of stress relaxation (Figures 5.10e, f and 5.10b). Compaction and
creep relaxation during the hold is indicative of gouge strengthening via the increase of
asperity contact surface area [Dieterich and Kilgore, 1996; Carpenter et al., 2014b;
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Marone and Saffer, 2014; Nagata et al., 2014]. Upon re-shear, the peak friction is
associated with a transient stage at constant h, after which, gouge layers start to compact
at a comparable rate as before the hold period (compare Figure 5.10 top and bottom
rows). The onset of compaction is observed to be associated with the critical slip distance
Dc in the majority of the cases. The opposite is true for SO1, where creep relaxation is
associated with a small gouge layer dilation (Figures 5.9b and 5.10), indicative that
asperity contacts do not renew. As a consequence, the relation between stress relaxation
and increase in contact area is not valid, because we do not observe any compaction
during the hold. Upon re-shear, gouge layers show negligible (<4 µm) change in h when
compared with SO2 or G27 (Figure 5.10). As a result friction evolves to a lower value
when compared with the pre-hold (negative β), and no Dc is observed for the shear
displacement imposed between holds. At higher effective normal stress of 40 MPa the
same relation between Δµ, Δµcreep and h is observed for SO2 and G27 (Figure 5.11). SO1
undergoes compaction upon shear, and the layers slightly compact during the hold period,
resulting in Δµ ~ 0. In light of these observations we posit that different mechanisms in
accommodating shear deformation are active within serpentinite-rich gouge, depending
on whether or not other phyllosilicate minerals, such as talc and kaolinite, are present. In
the following we will discuss possible mechanisms acting during shear of serpentinite
and relate microstructural features with the observed frictional behavior.

Fault zone microstructure and mechanical data
We merge our mechanical data and microstructural observations and discuss
possible deformation mechanisms for natural serpentine-lizardite rich gouge. SEM post-
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experiment observations revealed that the mode of shear accommodation is different
between the three types of serpentinites studied. SO1 shows a pronounced R-Y-P shear
fabric (Figure 5.13a, d). SO2 and G27 present some evidences for grain comminution
along R1 planes and abundant angular to sub-rounded clasts, lacking of the other fabric
elements observed in SO1, such as Y-shear and P planes (Figure 5.13e, f). On the basis of
these observations, we believe that the different frictional constitutive properties
described above are the result of different shear fabric development, controlled by the
different mineral accessories (phyllosilicates vs. phyllosilicate-free) that differentiate the
three serpentinites (Figure 5.1). Two different mechanisms can be active during gouge
layer deformation: the first, related with granular cataclasis and slip localization within
the bulk volume of the gouge layers, associated with grain boundary sliding and rotation;
and the second, related to frictional-flow along an interconnected network of weak planes
rich in phyllosilicates (Figure 5.15) [Reinen et al., 1994; Bos and Spiers, 2002; Niemeijer
et al., 2006, 2010; Collettini et al., 2009b].
We posit that the first mechanism, of granular cataclasis, is active in SO2 and
G27, as both are characterized by “strong” mineral accessories (Figure 5.15). During
velocity step tests the observed velocity strengthening/neutral regime given by positive
values of b, and a well defined Dc (Figure 5.3d), associated with the more positive values
of dilation observed, are indicative that the first mechanism is active [e.g. Marone, 1998;
Niemeijer et al., 2008]. Accordingly, both the gouge types show a positive healing and
creep relaxation rates, as the asperity population is renewed by creep consolidation (i.e.
layer compaction) and grain contacts strengthen during the hold period. Upon re-shear,
the peak in friction is due to the work done against the normal stress in reactivating the
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R1 planes observed (Figure 5.13e, f). In fact, the layer thickness does not evolve as
friction reaches its peak, implying that internal deformation is not dominant. Once Dc is
crossed and friction stabilizes to the previous level, the onset of compaction indicates
shear within the gouge layers, and the similar compaction rate before and after the hold,
is likely indicative of re-shearing along the same R1 planes network active before the hold
(Figure 5.10). At higher effective normal stresses, the compaction rate changes after the
hold period (Figure 5.11 bottom row), likely indicative of an evolution in the orientation
of the R1 planes, which is reflected in minor variation of steady state friction (Figure 5.11
top row).
The second mechanism, of frictional-flow, is found to be active in SO1 (Figure
5.15). In this case, sliding along an interconnected network of weak planes, rich in
phyllosilicates (lizardite-talc-kaolinite), manifested in the observed R-Y-P fabric (Figure
5.13d), prevents the contact area to evolve. This is well documented by the observed
negative healing rate at low effective normal stress (Figure 5.9a), associated with no
changes in layer thickness upon re-shear, and the absence of the critical slip distance (Dc)
(Figure 5.10). Furthermore, stress relaxation during the hold period, associated with layer
dilation, is probably indicative of a fully mobilized layer, or flow-dominated regime
[Reinen et al., 1994]. Similarly, the observed increase in shear strength as shear velocity
is increased (negative friction parameter b), might me accomplished by crystal
reorientation and/or changes in the orientation of the R1 planes, and thus explaining the
observed dilation. As the effective normal stress is increased, stress driven densification
can cause the contact area to “saturate” as documented by an evolution to b ~ 0 and β = 0
[Saffer and Marone, 2003].
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Although our interpretation may be rather speculative, it has been repeatedly
observed that negative values of b are associated with negative healing rates in
phyllosilicate/clay rich fault gouges, both natural and synthetic, and generally observed at
low effective normal stresses or where the pore fluid pressure is high relative to the
effective normal stress [Carpenter et al., 2011; Barth et al., 2013]. Empirically derived
frictional constitutive equations (eq. 3-4), such as rate- and state- (RSF) [Dieterich, 1979,
1981; Ruina, 1983], are based upon the concept that frictional strength evolves
accordingly with the state variable (θ), which is meant to be a measure of the average
contact life time. However, it seems likely that in the scenario presented above, the RSF
equations are of difficult applicability because the state does not evolve with either time
or slip. The early work of Bos and Spiers [2002] and the more recent work of Niemeijer
and Spiers [2006] proposed a frictional-viscous model in order to explain the
microphysical mechanisms observed in halite-kaolinite synthetic gouges. We believe that
more experimental and microstructural work must be done in order to fully characterize
all the spectrum of the frictional behavior of natural faults.

Implication for natural faults
Serpentinite rich faults are documented in a variety of active tectonic
environments such as major plate boundary faults and subduction zones. Along the
creeping section of the San Andreas fault, bodies of serpentinite have been observed from
core samples recovered during SAFOD Phase III (i.e. our sample G27) at depth where
small earthquakes (Mw~2) are recorded and more shallow to seismic tremors [e.g. Shelly,
2009; Nadeau et al., 2009]. Similarly, along the Alpine Fault, NZ, it has been found that
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shear is localized in phyllosilicate rich fault core, where illite-chlorite and lizarditesaponite-chlorite are the main minerals composing the fault gouge [Barth et al., 2013].
Along subduction zones, serpentinization at the slab-mantle interface is inferred from
high Poisson`s and low Vp/Vs ratios, at a characteristic depth where low frequency
earthquakes (LFE) and tremors are usually located [see Audet, 2009 for a review].
Numerical simulations have shown that slow slip events and tremors favor a large slip
weakening distance (Dc), in a range of lengths large enough to initiate an event but small
enough for that event to do not reach dynamic instability [Rubin, 2008]. They also have
shown that low effective normal stresses are required in the simulations, in order to
explain the low-frequency character of slow slip [e.g. Rubin, 2008; Kuroki et al., 2004,
Segall et al., 2010; Audet et al., 2010].
Along subduction zones, the dehydration of the subducting slab liberates silicarich fluids, transforming dry olivine in hydrous phases, such as serpentine, at the slabmantle interface [e.g. Manning, 1995; Reynard, 2013]. As heterogeneous fluid circulation
along an extended fractures network can induce the formation of talc to restricted areas.
The feedback between the interaction of weak serpentine-talc minerals, and continuous
shear (i.e. plate motion), can cause fluids to become highly focused along talc- and talcserpentine bearing shear zones, inducing a growing formation of talc. With continuing
shear deformation, an interconnected network of weak planes, rich in talc and serpentine,
can drastically reduce the permeability in these areas, acting as barrier to fluid circulation
(Figure 5.12). As a consequence the generation of high pore fluid pressures can lower the
effective normal stress to a few MPa [e.g. Kodaira et al., 2004; Peakock, 2009; Audet et
al., 2009]. Due to these effects, patches of weak serpentine and talc characterized by low
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σ’n can form at the plate interface, causing a heterogeneous distribution of mechanical
properties. Our data show that serpentine-lizardite rich gouge when associated with talc
(and eventually other phyllosilicates), at low effective normal stress, exhibits the prerequisite behavior for the generation of slow slip events and tremors, such as timedependent weakening, a rate strengthening behavior, which does not allow a fully
dynamic rupture, and a very large slip-weakening distance. All these properties are
consistent with the characteristics of slow earthquakes, observed along subduction zones,
which exhibits a small stress drop and a long duration.

Conclusions

We performed laboratory experiments on water saturated lizardite-serpentine rich
gouges over a range of effective normal stresses (σ’n) from 2 to 40 MPa. Samples were
recovered from outcrops (SO1 and SO2) and the SAFOD borehole (G27) along the San
Andreas fault, CA. XRD analysis revealed the presence of different mineral accessories
such as: 1) talc, kaolinite and hydrosodalite in SO1; 2) magnetite and clinochlore in SO2,
and 3) quartz and calcite in G27. SO1 is the weakest (µ=0.17) and least permeable (k~1020

m2 at σ’n =40 MPa) gouge, when compared with SO2 (µ=0.33 and k = 10-18 m2) and

G27 (µ =0.53 and k = 10-18 m2). All the gouges are in the velocity strengthening/neutral
regime over the range of σ’n investigated, with values of a-b being controlled by the
different evolution of the friction rate parameter b. We reported negative to 0 values of b
for SO1, in contrast to SO2 and G27 where b is always positive. Frictional healing rate
(β) and creep relaxation (βcreep) are controlled by gouge composition and vary as a
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function of effective normal stress, with SO1 being characterized by negative to zero β, in
contrast to SO2 and G27. Microstructural observations revealed the formation of an R-YP shear fabric in SO1, which is not observed in SO2 and G27. In light of the mechanical
and microstructural observations, we interpreted that deformation in SO1 as being
characterized by a frictional-flow behavior. We have shown that mineral accessories are
the most important factor in controlling the development of shear fabric, which dictates
the hydromechanical behavior of serpentinite gouges. Our results find important
implications on the mode of serpentinite-rich fault slip behavior, with SO1 showing the
pre-requisite for the nucleation of slow slip events and tremors.
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Figure 5.1. Sample characterization. (Left) (a) Map view for sample location (Middle) Field and hand sample
photographs for (b) the serpentinite from outcrop #1 (SO1) recovered at 36.3802N/120.6973W, (d) the serpentinite from outcrop #2 (SO2) recovered at 36.3826N/120.7218W, (f) the serpentinite G27 recovered at a true
vertical depth of ~3 km (SAFOD Phase III). (Right) XRD patterns for (c) SO1, (e) SO2, and (g) G27. Dashed
grey lines represent the two-theta values for lizardite-serpentine. For each gouge type we also report the main
minerals accessories (see text for details).
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fluid saturated experiments. (b) Double-direct shear configuration. Two layers of fault
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Figure 5.3. (a) Typical results from experiments conducted at ’n = 2 MPa for all three
serpentinites investigated. (b) Idealized RSF friction response to a step increase in
loading velocity. Black line indicates velocity-strengthening behavior, and gray line
shows velocity-weakening behavior. (c-d) Detailed data of a representative velocity step
for (c) SO1 and (d) G27 shown in (a). We report raw data (gray) and RSF model
inversion (black). (e) Zoom on a velocity step (SO1 in panel a) showing the evolution of
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removed in order to analyze dilation. The bottom curve represents the resulting
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been removed. (f) Schematic representation of slide-hold-slide test. μcreep represents the
amount of stress relaxation during the hold period. μ represents the frictional healing
and Dc is the critical slip distance required to attain steady state sliding.
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Figure 5.4. (a) Shear stress versus effective normal stress in a Coulomb-Mohr diagram.
Dashed lines represent the envelope of the best-fit parameters for each gouge type. (b)
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Figure 5.10. The evolution of friction (top) and gouge layer thickness (bottom) for SO1
(black), SO2 (red) and G27 (blue) during slide-hold-slide tests performed at ’n = 2 MPa.
Dc is picked from the change in slope of h after re-shear and dashed lines are used to
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Figure 5.15. Schematic diagram of two mechanisms of gouge deformation. (Left)
Frictional-flow, is associated with the formation of an anastomosing network of
phyllosilicates, characterized by R-Y-P shear fabric (top), resulting from crystal
reorientation and sliding on the phyllosilicate foliae (middle), as observed in the SO1
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Experiment

Material

p4241

SO1

σ’n
(MPa)
2

Shear Velocity
(µm/s)

Hold Time
(s)

2–5

0.1-1-3-10-30100-300
0.1-1-10-100

SO1

10 – 20

0.1-1-10-100

p4214

SO1

30 – 40

0.1-1-10-100

p4218

SO1

40

0.1-1-10-100

p4141

SO2

2

p4168

SO2

2–5

0.1-1-3-10-30100-300
0.1-1-10-100

p4161

SO2

10 – 20
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p4240

G27

2
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G27
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0.1-1-10-100

3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000
3-10-30-1001000

p4162

SO1

p4160

Shear Strain
(γ)
14.3
13
21
36.9
25
11.1
10.5
11.2
10.5
8.5
11.0
14.7

Table 1. Experiment parameters. All experiments started with a gouge layer thickness of
5 mm.
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On the Origin and Evolution of Electrical Signals During
Frictional Stick-Slip in Sheared Granular Material
Abstract
Electromagnetic signals have been reported in association with geophysical
phenomena including earthquakes, landslides, and volcanic events. Mechanisms that
suggested to explain seismoelectrical signals include triboelectricity, piezoelectricity,
streaming potentials, and the migration of electron holes, yet the origin of such
phenomena remains poorly understood. We present results from laboratory experiments
regarding the relationship between electrical and mechanical signals for frictional stickslip events in sheared soda-lime glass bead layers. The results are interpreted in the
context of lattice defect migration and granular force chain mechanics. During stick-slip
events, we observe two distinct behaviors delineated by the attainment of a frictional
stick-slip steady state. During initial shear loading, layers charge during stick-slip events
and the potential of the system rises. After steady state stick-slip behavior is attained, the
system begins to discharge. Coseismic signals are characterized by potential drops
superimposed on a longer-term trend. We suggest that the observed signal is a
convolution of two effects: charging of the forcing blocks and signals associated with the
stress state of the material. The long-term charging of the blocks is accomplished by
grain boundary movement during the initial establishment of force chain networks. Shortterm signals associated with stick-slip events may originate from produced electron holes.
Applied to tectonic faults, our results suggest that electrical signals generated during
frictional failure may provide a way to monitor stress and the onset of earthquake rupture.
Potential changes could produce detectable signals that may forecast the early stages of
failure, providing a modest warning of the event.
Leeman, J. R., M. M. Scuderi, C. Marone, D. M. Saffer, and T. Shinbrot (2014), On the
origin and evolution of electrical signals during frictional stick slip in sheared granular
material, J. Geophys. Res. Solid Earth, 119, doi:10.1002/2013JB010793.
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Frictional Heterogeneities on Carbonate-bearing Normal
Faults: Insights from the Monte Maggio Fault, Italy
Abstract
Observations of heterogeneous and complex fault slip are often attributed to the
complexity of fault structure and/or spatial heterogeneity of fault frictional behavior.
Such complex slip patterns have been observed for earthquakes on normal faults
throughout central Italy, where many of the Mw 6 to 7 earthquakes that occur in the active
Apennines nucleate at depths where the lithology is dominated by carbonate rocks. In
order to explore the interrelated roles of fault structure and heterogeneous frictional
properties on fault behavior, we studied and sampled the exhumed Monte Maggio Fault
(MMF). The MMF is a ~10km long, normal fault with approximately 600m of total
offset. The exposed principal slip zone cuts through the Calcare Massiccio formation,
which is present throughout central Italy at depths of earthquake nucleation. We
collected intact specimens of the natural slip surface and cemented cataclasite, as well as
fragments of both which were later pulverized. Furthermore, we collected an intact
sample of the hanging wall cataclasite and footwall limestone that contained the principal
slip surface. We performed friction experiments in a variety of different configurations in
order to investigate heterogeneity in frictional behavior as controlled by fault structure.
Results from experiments designed to reactivate slip between the principal slip surface
and cemented cataclasite show a 3 MPa stress drop as the fault surface fails, then
velocity-neutral frictional behavior and significant frictional healing. Overall, our results
suggest that 1) earthquakes will easily nucleate in areas of the fault where two slip
surfaces are in contact and are likely to propagate in areas where pulverized fault gouge
is in contact with the slip surface; 2) postseismic slip is more likely to occur in areas of
the fault where gouge separates the hanging wall and footwall; and 3) the high healing
and low creep relaxation observed between solid fault surfaces could lead to significant
aftershocks in areas of low stress drop.
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APPENDIX C

Stiffness Evolution of Granular Layers and the Origin of
Repetitive, Slow, Stick-Slip Frictional Sliding.

Abstract
Here we demonstrate the frictional behaviors of steady state sliding, stick-slip, and
repetitive, slow stick-slip sliding through a carefully designed suite of laboratory
experiments focused on exploring the role of loading system stiffness in controlling the
frictional response to shear. We performed tests with three configurations of loading
blocks made of steel and cast acrylic to achieve different stiffnesses. We analyze the
modulation of frictional behavior in sheared layers of baking flour as a function of the
system loading stiffness. With compliant loading blocks, the material exhibits unstable
stick-slip behavior with slow-slip events of duration up to twenty seconds. These results
are encouraging for laboratory studies of earthquake faulting and dynamics. Slow-slip has
been difficult to achieve in the lab and has only been observed for a narrow variety of
boundary conditions and materials. Slide-hold-slide and velocity step tests were
conducted and analyzed in a rate-and- state friction framework. Our results suggest that
slow-slip behavior is strongly controlled by the stiffness of the system, the strain history
of the sample, and shear fabric evolution. We describe a new suite of automated tools that
greatly improve friction analysis and provide insight to the underlying mechanisms of
slow stick- slip. We demonstrate that layer stiffness evolves with shear strain and
modifies the mechanical behavior of stick-slip sliding. Our work suggests that slow
earthquakes in tectonic fault zones may be linked to shear fabric development and
associated changes in local stiffness, likely in combination with variations in frictional
constitutive properties and effective stress.
Leeman, J.R., M.M. Scuderi, D. Saffer and C. Marone (2014) Stiffness evolution of
granular layers and the origin of repetitive, slow, stick-slip frictional sliding. Submitted to
Granular Matter (June 2014).

168

APPENDIX D

Triaxial Sample Holder Design

The biaxal deformation apparatus at the Rock Mechanics lab at the Penn State
University generally uses a three-block assembly sandwiching two gouge layers resulting
in double-direct shear geometry. In other situations (i.e. deformation of intact wafers) a
single direct geometry is preferred. However, we were not equipped with an experimental
configuration that allowed us to deform intact cylindrical samples within the pressure
vessel. The need in developing this configuration came from a collaboration with
ExxonMobile and in parallel used in the Chapter 3. My task was to develop a sample
holder that allowed for triaxial deformation experiments on cylindrical core samples
within the pressure vessel. In the following I report a description of the sample holders
and the related different functionalities.
The sample holder is mainly composed of two parts: a bottom and a top block,
sandwiching a 2.5cm diameter core sample (Figure D1). Both the blocks are made of
hardened stainless steel and equipped with internal channel for fluid path. Homogenous
fluid distribution is allowed by channels on the top surface in contact with the sample
(Figure D2a, b). Also porous frits are generally used. NPT fittings on both blocks allow
for internal tubing connections to an up- and down- stream intensifiers. Both blocks are
also equipped with holders for PZTs, in order to measure ultrasonic velocities during
deformation. In order to obtain accurate measures of axial strain I designed a holder for
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an internal linear variable differential transducer (LVDT), avoiding artifacts from the
vertical piston friction.
The bottom block is designed to fit the groove in the pressure vessel to avoid any
movement of the block during the experiment. This design also allows to reduce the
volume of oil during the experiment by placing the block used for the double direct
geometry on one side (Figure D2a). A small volume of oil allows for more accurate
measurements of volumetric strain during deformation via the confining pressure
intensifier.
The top block is designed with an additional internal channel, other than the one
used for fluids, which allows to pass wires from the internal part of the jacket to the
outside of the pressure vessel. This design result particularly useful when a strain gauge
is used for measurements of radial strain during the experiment (Figure D2b). The down
side of this design is that pore fluid pressure cannot be applied when using the strain
gauge. The top part of the block is designed with a circular shaped groove (50mm dia.),
fitting the diameter of the vertical piston, to guarantee a perfect axial alignement between
the vertical ram and the core sample (Figure D1).
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Figure D.1. Drawings of the top block (top row) and bottom block (bottom row). Reported are all the dimensions used for the construction. From
left to right I show a front, section and map view of the blocks.
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a)

b)

Figure D.2. Photographs of: (a) the triaxial assembly (blocks+sample) within the pressure vessel with the
internal lvdt mounted on the right side, and (b) detail showing the position of strain gouge attached to the
sample within the jacket.
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