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Abstract

Laboratory studies of frictional sliding and the implications of precursory seismicity

by

Paul A. Selvadurai

Doctor of Philosophy in Engineering – Civil and Environmental Engineering

University of California, Berkeley

Professor Steven D. Glaser, Chair

The dynamic transition from slow to rapid sliding along a frictional interface is of interest to
geophysicists, engineers and scientists alike. In our direct shear experiment, we simulated a pre-
existing frictional fault similar to those occurring naturally in the Earth. Laboratory experiments
have been used in the past to successfully link the fields of rock mechanics and seismology and
have been able to produce better estimates of seismic hazard. These laboratory studies found that
prior to large earthquakes a nucleation region grows outwardly. Within this region shear stress is
overcome through the accumulation of slip across the fault. This phenomena is referred to as slip-
weakening. Once the region grows large enough an earthquake ensues. The growth phase of this
nucleation zone is called the premonitory phase. Newer seismological instruments are showing
that this phase actually carries seismic signatures (originally thought to be an aseismic process).
This precursory seismicity is observed as foreshocks and migrating swarm-like foreshocks occur at
the fringe of this expanding nucleation front. The previous laboratory studies, used to develop the
major phenomenological earthquake models, did not observe this precursory seismicity, possibly
due to the lack of sensors capable of measuring this high-frequency phenomenon. The laboratory
study reported here has incorporated appropriate sensors that can detect foreshock events on the
fringe of a nucleation zone prior to a gross fault rupture (main shock).

During loading we observed foreshocks sequences as slip transitioned from slow to rapid
sliding. These laboratory-induced foreshocks showed similar acoustic characteristics and spatio-
temporal evolution as those detected in nature. Through direct observation (video camera), fore-
shocks were found to be the rapid, localized (millimeter length scale) failure of highly stresses
asperities formed along the interface. The interface was created by the meshing of two rough
polymethyl methacrylate (PMMA) bodies in a direct shear configuration. A carefully calibrated
pressure sensitive film was used to map the contact junctions (asperities) throughout the interface
at a range of applied normal loads Fn. Foreshocks were found to coalesce in a region of the fault
that exhibited a more dense distribution of asperities (referred to as the seismogenic region).

Microscopy of the interface in the seismogenic region displayed a variety of surface roughness
at various length scales. This may have been introduced from the surface preparation techniques
use to create a mature interface. The mature interface consisted of ‘flat-topped’ asperity regions
with separating sharp valleys. The ‘flat-topped’ sections spanned millimetric length scales and
were considerably flatter (nanometric roughness) that the roughness exhibited at longer length
scales (tens of millimeters). We believe that the smoother, ‘flat-topped’ sections were responsible
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for the individual asperity formation (determining their size and strength), whereas the longer
length scale roughness influenced the asperity-asperity interaction during the nucleation phase.
Asperities in the seismogenic region where shown to exist close enough to each other so that elastic
communication (through the off-fault material) could not be neglected.

Prior to gross fault rupture (i.e. mainshock), we measured the propagation of a slow nucleat-
ing rupture into the relatively ‘locked’, seimsogenic region of the fault. Slow slip dynamics were
captured using slip sensors placed along the fault that measured a non-uniform slip profile lead-
ing up to failure. We found that the propagation of the slow rupture into the locked region was
dependent on the normal force Fn. Higher Fn was found to slow the propagation of shear rup-
ture into the locked region. Within the relatively ‘locked’ region, a noticeable increase in size and a
more compact spatial-temporal distribution of foreshocks were measured when Fn was increased.

In order to develop an understanding of the relationship between Fn and the resistance of the
fault to slow rupture, a quasi-static finite element (FE) model was developed. The model used
distributions of asperities measured directly from the pressure sensitive film in a small section of
the interface where foreshocks coalesced; specifically, the region where the slowly propagating
slip front encountered the more dense distribution of asperities. A single asperity was modeled
and followed the Cattaneo partial slip asperity solution. As the shear force increased along the
fault, the asperities in this model were able to accommodate tangential slip by entering a partial
sliding regime; the central contact of the asperities remained adhered while sliding accumulated
along its periphery. Partial slip on the asperity propagated inwards as the shear force was incre-
mentally increased. A further increase in the shear force caused the asperity to enter a full sliding
condition. Increasing confining loads caused increased stiffness and increased capacity to store
potential shear strain energy – a possible measure of the ‘degree of coupling’ between the fault
surfaces. Physics from the numerical model followed the qualitative observations made using
photometry of asperities along the interface, which visualized asperities in the ‘locked’ region –
larger asperities remained stuck throughout the loading cycle and the light transmitted through
individual asperities decreased from the periphery as shear loads increased.

The numerical partial slip, quantified by the potential energy stored by the asperity, increased
relative to the normal pressure p. Asperity-asperity interactions were modeled along the interface
using a quasi-static analysis. Progression of slip into the asperity field was increasingly inhibited
as the normal confining force Fn was increased. The computational model provided an explana-
tion as to why an increased confining force Fn could result in an increased resistance to slow rup-
ture as well as an increased potential for larger foreshocks within the resistive, relatively ‘locked’
section of a fault. The experiments and modeling presented in this study lay the foundation for
more innovative laboratory work that could potentially improve the phenomenological models
currently used to estimate earthquake hazard.
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Chapter 1

Introduction

1.1 General

Our understanding of earthquakes is that they are produced when either intact rock fractures
rapidly or fractured rock interfaces experience rapid slip. Energy released from these processes is
conveyed to frictional heating, wear of the faulting surfaces and seismic radiation. While seismic
radiation is considered to be a small portion of the energy released during an earthquake [3], these
waves are what we feel and can cause tremendous damage to infrastructure and loss of human life.
The unpredictable and devastating nature of earthquakes and our general lack of understanding
of their physics has motivated this study and many other studies in the field of seismology and
engineering.

Earthquakes are unpredictable, but are confined primarily to faults that occur along the bound-
aries of tectonic plates that make up the Earth’s crust (lithosphere). A fault is a fracture that may
or may not be active. Activity depends on the stress states along the fault and in the surrounding
rock mass. As the tectonic plates are driven past each other by geodynamic processes, shear stress
builds up along a fault until it overcomes the forces which hold it together and an earthquake
is produced. The change in the stress states that drives instability is referred to as nucleation.
Nucleation is a topic of great importance due to its immediate impact on the predictability of
earthquakes and is a main focus of this dissertation. Are there precursory events intrinsic to the
nucleation of large or small earthquakes? Can we detect these changes in nature? Are better
sensors/sensor placement needed to do so? Can we develop analogs that simulate earthquake
physics and increase our knowledge of these precursors in controlled laboratory environments?

Nucleation and earthquake prediction are primarily studied in three scientific disciplines: seis-
mology, geology and rock mechanics. Seismology is the study of the generation, propagation and
recording of elastic waves in the Earth and the sources that produce them [106]. Geology is pri-
marily concerned with the study of the faults themselves and their origins. In the past, study of
earthquakes, fell most often into these two disciplines since the consensus was that they must be
inter-related – faults cause earthquakes [48, 152]. Rock mechanics arrived later allowing the study
of the mechanical behavior of rock and rock masses with respect to the force fields of their envi-
ronment. Mechanicists believed that natural earthquake phenomena are defined by the material
properties of the rock, their surfaces and stress states [161]. We believe this to be an appropriate
approach for developing better understanding of the factors controlling earthquake nucleation on
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natural faults [23]. The marriage of seismology and rock mechanics has shown great promise,
especially in a laboratory setting [e.g. 61, 65, 110, 113]. Laboratory studies allow for the accurate
monitoring of features controlling nucleation.

Our understanding of earthquakes and faulting in nature has been directly impacted by lab-
oratory studies, where experiments allow the measurement of fault asperity behavior with de-
tails that cannot be readily discerned from field data. There are still many open questions about
mechanistic fault behavior leading up to gross rupture; in this dissertation we will investigate
the mechanistic components of pre-slip along the frictional interface. Pre-slip (also referred to as
premonitory slip [179, 161]) is slip that accumulates along the fault brought on by far-field tec-
tonic loading. Pre-slip is a byproduct of the nucleation process – a frictional process that dictates
the dynamic breakdown of stress on a fault and the transition of stable to unstable sliding. Un-
stable slip generates the elastodynamic stress waves we perceive as earthquakes. Pre-slip occurs
in a quasi-stable/static manner [56, 139] and (if detectable) can lead to better estimates of seis-
mic hazard or even prediction. Spatially, pre-slip accumulates non-uniformly on faults due to the
presence of asperities. Asperities can be considered as rheological differences due to variations
in material properties (elastic modulus, plasticity, material strength, etc.), stress states or environ-
mental factors (e.g. pressure, temperature). Asperities formed along rock-rock interfaces have
been interpreted as forming and behaving due to thermo-hydro-mechanical (THM) interactions
[152]. In this dissertation the mechanical aspect causing rheological difference in the laboratory
is controlled. Asperities distribution along a frictional interface is controlled via mechanical in-
teractions; surface roughness and the applied pressure to two bodies forced into contact are the
main features controlling asperity formation. I have set out to study, in the laboratory, how vary-
ing the asperity distribution affects pre-slip accumulation before large earthquakes. Our lack of
insight into local frictional faulting processes makes predictive determination of why, when and
where large earthquakes will occur impossible. For example, we currently have little understand-
ing of the physical mechanisms that control pre-slip due to limitations in the field such as sensor
sensitivity, sensor proximity to the fault and array coverage.

1.2 Field observations

1.2.1 Seismological and geodetic instruments

The ability of laboratory experiments to reproduce and behave analogously to observations
made in nature is entirely dependent on the quality of both laboratory and field measurements.
The primary goal of laboratory studies is to develop a mechanistic understanding of observa-
tions made in the field. Figure 1.1 shows examples of typical field measurements. Figure 1.1(a) is
the vertical component of a velocity seismogram recorded by field seismometers (Mark Products
L22-D) from Iio [86]. Figure 1.1(b) shows global positioning system (GPS) velocities near the San
Francisco Bay Area relative to site LUTZ on the Bay Block. The velocities show right-lateral defor-
mation and deformation gradients across the fault itself (red lines). Figure 1.1(c) shows accurate
interferometric synthetic aperture radar (InSAR) measurements of the surface displacement in the
line of sight between the satellite and the ground along the central San Andreas fault between May
1992 and January 2001. Figure 1.1(d) uses InSAR measurements to estimate the slip rates along the
Hayward-Calaveras Fault system (HCFS) from surface creep inversion. Figures 1.1(b), (c) and (d)
are used courtesy of the Active Tectonics group at University of California, Berkeley. Inverting for
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fault slip rates from surface slip rates (GPS) [42] or repeating earthquakes (seismograms) [129] or
both (GPS and seismograms) [130] are now commonly used to develop an intimate understand-
ing of slip and slip rates along faults. These studies have found that faults are not simply ‘locked’
(i.e. no relative motion/slip across the faults) but ‘creep’ non-uniformly at different rates (Figure
1.1(d)). The slow, non-uniform motions of the faults cause a local increase of strain energy. At
some point, conditions become favorable and a large earthquake is produced. This is also referred
to as instability in nucleation theory (see Section 1.3.1). Once a large earthquake commences, rup-
ture can move along the frictional fault or create new faults [100]. During an earthquake, rupture
propagates at speeds closer to the shear velocity VS of the material [3]. Energy released during an
earthquake is called the seismic moment M0 and is given as

M0 = G ·A · δ̄ (1.1)

where G is the shear modulus of the material (N/m2), A is the faulting area (m2) and δ̄ is the
average slip (m) along the faulting area A. Seismic moment in (1.1) has units of N·m.

The earthquake itself only accounts for a small fraction of time of the total earthquake cycle.
The cycle is composed of an interseismic and seismic portion. Time-scales of the intersesimic
phase are slow (accumulation of slip can be from years to centuries) and the seismic event is rapid
(seconds to minutes). The total seismic momentM0T of the earthquake cycle can be separated into
the total aseismic moment M0A (from the interseismic phase) and coseismic moment M0C (from
the seismic phase). For total seismic moment, equation (1.1) can be rewritten as

M0T = M0a +M0c = G ·A ·
(
δ̄a + δ̄c

)
. (1.2)

where δ̄a is the average aseismic slip and δ̄c is the average coseismic slip (both in meters) along the
faulting area A.

The focus of this study is the preparatory portion of the cycle that leads up to large earth-
quakes. This is referred to as the premonitory or nucleation phase. During the premonitory phase
slip accumulates slowly. Prior to the generation of large earthquakes a nucleation zone grows
outwardly in a stable manner along the frictional fault. Inside this region, slow premonitory slip
(pre-slip) can accumulate. Fault rheology determines how this pre-slip is allowed to accumulate
and its heterogeneous distribution. Some parts of the fault are considered to be locked (resistive to
rupture) and/or creeping (unable to sustain shear stresses). Large earthquakes tend to be initiated
at the boarder of the locked-creeping section of the fault [130, 12, 41]. We have little knowledge of
the mechanical factors controlling the accumulation of slip on the locked-creeping section. Higher
quality field sensors and coverage have allowed seismologists to see small earthquakes that were
previously undetected. These smaller earthquakes at the locked-creeping fringe may describe
breakdown processes but the mechanical interactions and how they relate to the large earthquake
in that region remains unknown.

1.2.2 Precursor seismicity before large earthquakes

The mechanical model describing the transition of frictional sliding from slow (stable) to rapid
(unstable) is described in Section 1.3.1. Both laboratory [e.g., 62, 140, 119, 162] and numerical
studies [e.g., 104, 4, 94] have shown that a preparatory phase (nucleation) exists where a region
of slow aseismic accelerating fault slip precedes a large earthquake. Detection of the precursory
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Figure 1.1: (a) Vertical component velocity seismogram recorded by seismometers from Iio [86].
(b) GPS (global positioning system) velocities near the San Francisco Bay Area. (c) Vertical ground
velocities along the central San Andreas fault between May 1992 and January 2001 found using
InSAR (interferometric synthetic aperture radar) (d) Example of inversions performed to solve for
slip rates along the Haward- Calaveras Fault system (HCFS) from surface creep inversion. Figures
1(b), 1(c) and 1(d) were taken courtesy of the Active Tectonics group at University of California,
Berkeley.
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phase is extremely difficult using current geodetic measurements [179, 155] due to array cover-
age and location constraints, and the small size and limited timing of the accelerating aseismic
region. However, with recent advances in broadband seismometers, recorded events are smaller
and went previously undetected. This seismicity is generated at the fringe of the nucleation re-
gion. Seismologists have begun looking at this seismic activity as an indicator of the otherwise
aseismic preparatory phase. In certain cases, clusters and swarms of small earthquakes and/or
foreshocks have been detected weeks to minutes before and in close proximity the eventual main
shocks [e.g., 126, 93, 138, 131, 68, 67, 49, 75, 175]. It is now believed that at least 50% of major
intraplate earthquakes have foreshocks [37], whereas Bouchon et al. [32] believe it to be more in
the range of ∼ 70% for intraplate earthquakes. Foreshock sequences and slow slip processes prior
to recent, well-monitored large earthquakes, i.e. the 2011 Tohoku-Oki, Japan, [97] and the 2014
Iquique earthquakes [37, 183] are forcing scientists to reconsider original estimates of spatial and
temporal scales over which preparatory phases occur.

A priori detection of foreshocks are currently difficult (if not impossible) to distinguish from
non-precursory seismic activity – much of this is the result of our lack of understanding of the me-
chanical processes controlling precursory seismicity. Interpretation of the impact of stress changes
along faults are not well understood; in certain cases, earthquake swarms do not culminate in a
major event [82]. The exact relation between foreshocks and the aseismic preparatory phase is also
debatable [124]. Two concurrent conceptual models exist that explain the presence of preparatory
seismicicity: (i) the pre-slip and (ii) the earthquake cascade models [70, 23, 181]. In the pre-slip model,
slow aseismic slip is responsible for foreshocks and other precursory seismic activity. If the slow
slip is below the detection threshold of modern geodetic networks, the seismicity produced is a
means to monitor the extent and growth rate of the slow slip region. The size of this region, as we
will see from Section 1.3.1, determines the stability of the fault – once a nucleation region reaches
a critical size, unstable rupture will ensue. Better estimates of the size and growth rate of the nu-
cleation zone could lead to better estimates and the possible prediction of the larger impending
earthquakes. Conversely, the earthquake cascade model does not require an initial region of slow
slip. Here, earthquakes trigger the subsequent event. Each event is a ‘foreshock’ to the previous
event – the main shock thus has only one foreshock (not a sequence) and triggering is due to dy-
namic or after-slip stress perturbations (triggering). Prediction becomes futile for the breakaway
earthquake model; there is a lack of understanding of the fundamental mechanics, which is unlike
that describing the nucleation theory for the pre-slip model. Epidemic-Type Aftershock Sequence
models (ETAS) [137] use empirically based laws (i.e. Gutenburg-Richter and Omori time diffu-
sion law) to study after-slip triggering. This model implicitly assumes that any transient change
in the overall seismicity is due to the triggering of an earthquake by another one. In my research I
have made studies of the preparatory phase along a frictional fault and the seismicity (specifically
foreshocks) prior to a large main shock.

1.3 Laboratory friction studies

1.3.1 Nucleation theory

Nucleation theory determines the dynamic transition of slip along the fault from slow and
stable to rapid and unstable. Rapid unstable sliding generates stress waves and these are what
we interpret as earthquakes. Mathematically, nucleation of earthquakes on a frictional fault can
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be modeled in terms of a either fracture or stick-slip friction [161]. Due to the similarities, nucle-
ation of rapid sliding on a frictional fault is modeled as an expanding shear fracture/crack. A
conceptual drawing of a typical premonitory phase along a frictional fault is shown in Figure 1.2.
Two bodies are initially pushed together with a normal force Fn (blue arrows). The fictional fault
is subsequently subjected to increasing shear force Fs (red arrows). This causes slip (δ) along the
interface (orange region). Slip is the relative displacement across the interface or δ = (u+–u−),
where u is the displacement and positive and negative superscripts indicate top and bottom sides
in the plane of the discontinuity, respectively [3]. Upon first application of shear, slip will initially
accumulate from a relatively weak section of the fault. Even though the edges of the two bod-
ies remain locked (i.e. no slip), both the amount of slip within the nucleation zone and size of
the nucleation zone will grow with increased shear force. We note that in a tectonic setting, in-
creasing shear force is caused by differences in plate convergence rates [58]. Across the nucleation
front, shear stress decreases from an initial level (τi) to a residual level (τr) by accumulating slip
(δ). A critical slip displacement of Dc is required to fully achieve this breakdown (i.e. stress drop
∆τ = τi − τr), occurring over the length Xc, which is known as the breakdown/cohesive zone
(hatched region in Figure 1.2).

In Figure 1.3, two types of shear stress and slip displacement solutions near the crack tip (fringe
of the nucleation zone) are examined. Figure 1.3(a) shows the shear stress distribution for a ’sin-
gular crack’ [15, 100]. The singularity in particle velocity (i.e. vertical tangent in slip distribution)
induces a singularity in stress ahead of the rupture. This can be avoided by choosing an appro-
priate rupture velocity [6, 83] that smoothly transitions over the finite breakdown region Xc, as
shown in the profiles shown in Figure 1.3(b). Stress transition is smooth as long as the prescribed
slip displacement is C2 continuous [83]. Avoiding a stress concentration at the crack tip is a logical
assumption since real material cannot sustain infinite shear stress.

I will show that as the nucleation zone expands, it can grow until it reaches a critical size Lc
after which an earthquake is produced. Since premonitory slip is that accumulated within the
nucleation zone, and this may directly be linked to precursory seismicity, we proceed to examine
the mathematical principles in more detail. The concept of surface energy, as applicable to crack
stability and growth, was first introduced by Griffith [79]. For a shear fracture working against
friction the solution for critical nucleation size can be determined from first principles. Displace-
ment of the crack u+ is given as [99]:

u+ =
τi − τr
G

(
L2 − x2

)1/2
. (1.3)

where G is the shear modulus and the crack has a finite length ∈ [−L,L]. Slip δ is twice as large
as equation (1.3) [3]. The slip distribution is used to calculate the strain energy accumulated from
both sides of the fault U and the work done against friction to produce the crackW (= 2 ·τr

∫
δdx).

The energy available to supply surface energy and extend the crack is then calculated [6]:

− U −W =
π

2

1

G
(τi − τr)2 L2. (1.4)

The incremental change in energy required to increase the crack half-length from L to (L+ ∆L) is
therefore

− dU − dW = π
1

G
(τi − τr)2 LdL. (1.5)
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Figure 1.2: Schematic drawing describing the expansion of a shear rupture on a frictional fault. At
time t = t0, two bodies are pressed together under normal force Fn creating a frictional interface.
In this description of the nucleation process (equations (1.3) - (1.6)) the normal force remains con-
stant and there is no fault dilatation. From time t = t1 to t4 a shear force is applied which causes
the growth of a nucleation zone, a region where slip (differential motion of the fault) is allowed
to accumulate. A breakdown zone exists at the fringe of the nucleation zone. In this region the
slip-weakening constitutive relation allows for the decrease in shear stress with accumulated slip.
Once the crack reaches a critical half-length Lc it will begin to accelerate to velocities closer to the
shear velocity of the material Vs.
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As the crack reaches a specific critical crack half-length Lc, the energy available balances the en-
ergy required to incrementally lengthen the crack, i.e. 4Γ · dL (Γ is the effective fracture energy
with units N/m). Equating Γ to equation (1.5), we solve for the critical crack half-length:

Lc =
4

π

G · Γ
(τi − τr)2

. (1.6)

The schematic drawing in Figure 1.2 shows a growing nucleation front made by the unstable shear
crack along a frictional fault. From time t0 until t3 the crack extends due to increasing shear loads
on the fault. At time t4 the crack half-length equals the critical half-length given by equation (1.6).
Extension of the crack beyond this causes unstable propagation and acceleration of the crack tip
is given by equation (1) in Andrews [6]. The derivation of critical crack length (via equations
(1.3)-(1.6)) describes the case where shear fracture occurs but now we must quantify the effective
fracture energy Γ using a constitutive model that links the shear stress to slip.

1.3.2 Constitutive modeling of an expanding nucleation zone

One constitutive model governing breakdown of stress by the accumulation of slip is called
the slip-weakening relation [6, 141]. This relation determines how the crack grows and how much
premonitory slip is accumulated during breakdown. Shear stress can be written as a function of
slip as follows:

τxy(δ) = τp − (τp − τr) δ/Dc δ < Dc

τxy(δ) = τr δ ≥ Dc
(1.7)

where τp is the upper yield point, τr is the residual or frictional stress level and Dc is the critical
slip distance required for stress drop. It is assumed that the initial stress level τi lies between the
upper yield point and residual stress level (i.e. τp > τi > τr). The effective fracture energy Γ is
given as the area under the slip-weakening curve but above the residual stress level:

Γ =

∫ Dc

0
[τxy (δ)− τr] dδ =

1

4
(τp − τr) ·Dc. (1.8)

Using this result with equation (1.6) we obtain

Lc =
4

π

G · Γ
(τi − τr)2

=
1

π

G (τp − τf )

(τ0 − τf )2
Dc. (1.9)

We now have an expression for the critical crack length in terms of only slip and shear stress.
The slip-weakening relation can have different forms [83]. Homogeneity is a necessary condi-
tions within the cohesive zone for the previous derivation to hold. In this dissertation I look at
the possibility that the cohesive zone may be populated by strength heterogeneities (i.e. asper-
ities). Scientists believe that foreshocks (and other precursory seismic events) occurring before
large earthquakes are due to the localized failure of asperities within the nucleation zone [139,
138, 183, 37]. One such model was proposed by Ohnaka [139] and presented schematically in
Figure 1.4(b). The local fluctuations in slip and stress caused by the asperities (see Figure 1.4(d))
could evoke a slightly different slip-weakening relation (dashed line in Figure 1.4(a)). A better un-
derstanding of the true slip-weakening relations that can account for local strength heterogeneity,
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Figure 1.3: Slip and stress distributions at the fringe of the nucleation region with (a) no cohesive
zone and (b) with a cohesive zone.

may help us to appreciate the intricacies of nucleation region growth, pre-slip accumulation and
precursory seismicity. In this dissertation, I will discuss the presence of premonitory seismicity
in the laboratory. I look at how the slowly growing nucleation interacts with a resistive patch of
asperities. The concept is presented in Figure 1.4(c). I wish to understand what conditions (stress
states, pre-slip accumulation, slip rates) are necessary/control the generation of foreshocks in the
nucleation region.

1.3.3 Applications of nucleation theory and current issues

There are two main types of constitutive relationships to describe nucleation theory: slip-
weakening (also known as slip-dependent) [6, 141] and rate- and state-dependent (RS) laws [61,
157]. The former assumes that friction only depends on fault slip and, unlike the RS relation, it
is slip-rate and time insensitive. The slip-dependent relation is the rate-insensitive limit of the
RS framework. Slip-weakening concepts are rooted in the laboratory-derived rate- and state-
dependent (RS) constitutive relation [61, 157, 104, and references therein]. Both have proven
success in studying dynamic traction behavior throughout natural earthquake cycles [e.g., 179,
151, 66, 94]. A variety of laboratory setups, in a variety of configurations, have been used to de-
velop and confirm the rate-and-state frictional relation empirically [60, 59, 65, 142, 113, 26]. How-
ever, the empirical nature of the RS law does not take micromechanics directly into consideration;
it only captures a collective behavior of the asperity populations [185].

Shear stress drop (across the breakdown zone) physically represents the birth and death of
populations of asperities over a critical slip distance Dc [186, 185]. If foreshocks appear within
the nucleation zone, this would violate the original phenomenological observation [61] used to
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Figure 1.4: (a) Slip-weakening relation for the homogenous cohesive zone (solid line) and con-
ceptual model with the presence of strength heterogeneities (i.e. asperities). (b) Schematic de-
scription of asperities populating the breakdown zone. (c) Non-uniform accumulation of slow
slip as a slowly expanding nucleation region encroaches on a resistive patch of asperities. (d) Slip
and stress distribution at the fringe of a nucleation region where the cohesive zone is formed by
asperities. This causes local fluctuations in slip and shear stress.

develop the rate-state (RS) law [157]. Whether foreshocks appeared in the original phenomeno-
logical observations by Dieterich [61] is unknown but these new precursory seismic observations
(both in the laboratory and the field) lend credence to further study frictional nucleation processes
in the laboratory.

I use piezoelectric sensors, in addition to the sensors used in the original studies, to observe
the more complex features of nucleation; foreshocks can be detected at the fringe of the growing
nucleation region [119, 74, 122, 162]. Currently, studies have tried to embed geologic heterogene-
ity into the RS framework [9, 10, 69, 134] but it is done in a relatively arbitrary manner; spatial
distributions and material parameters of the strength heterogeneities are determined by the mod-
eler. Contact mechanics may provide a better understanding of how these geologic heterogeneities
(asperities) develop spatially, under a non-uniform normal stress field.
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1.4 Contact mechanics overview

The earliest work into contact mechanics to understand frictional effect can be traced back to
experiments performed by Leonardo Da Vinci (ca. 1500). Fundamental aspects of friction and its
modelization for the purpose of seismic fault dynamics is still under debate [161, 145]. In this
dissertation, I focus on the study of ‘solid’-dry friction [18] where the wearing process and self-
heating play a negligible role and lubrication is not present. For the sake of completeness we give
a brief overview of the historical aspects of friction studies and then discuss more recent frictional
models.

Friction deals with the interaction of two surfaces and is therefore a contact property and not
a bulk property. Frictional resistance to motion is defined as the force arising when a body is
slid tangentially on another body where contact forms along a surface. DaVinci’s work was re-
discovered by Guillaume Amontons [27]. His experiments showed that frictional resistance to
sliding decreased as the two contacting surfaces of the body became smoother. In his 1699 paper,
Amontons described the two main laws of friction [see 161]:

• Amontons’s first law: The frictional force is independent of the size of the areas in contact.

• Amontons’s second law: Friction is proportional to the normal load pressing bodies together.

It was during the next 100 years that mechanisms for controlling frictional resistance were pro-
posed. Factors studied included surface roughness, the interactions of protrusions where contact-
ing surfaces met (i.e. asperities), differences in static and dynamic friction and the increase of static
friction the longer two surfaces remained at rest.

1.4.1 Adhesion theory of friction

Adhesion theory of friction was summarized by Bowden and Tabor [33] who envisioned real
surfaces to have a roughness and when they are brought together they touch at small points called
asperities. Figure 1.5 shows a schematic view of the interaction between two rough surfaces.
Where the surfaces contact (red regions) are called asperities and the sum of the area is referred to
as the real contact area Ar, which is generally much smaller than the nominal or geometric area
A. Bowden and Tabor [33] first noted that the real contact formed along an interface was typically
orders of magnitude lower than the nominal area of the interface. Only the real contact Ar is
responsible for friction; stresses cannot be transmitted through the non-contacting void region (as
seen in the inset diagram in Figure 1.5). It is only the area Ar and not A that defines motion of the
fault. The behavior of the fault is therefore controlled by the nature of the contact surfaces – its
roughness.

In geophysical studies [e.g. 38, 149], the rough interacting rock surfaces showed self-affinity
characterized by the Hurst exponent H [31, 43, 44]. The interaction of these self-affine surfaces
caused scale dependent heterogeneous normal stress fields [80, 145] which influences friction at
low velocities on surfaces that exhibit negligibly small wear effects, i.e., void of gouge [18].

When a normal force Fn is applied (see Figure 1.5), forces are transmitted through the asper-
ities. Asperities can fracture or grow until the far-field normal force is supported over all the
contacts. Dieterich and Kilgore [65, 64] confirmed this using optical experiments; populations of
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Figure 1.5: (a) The contacts formed between the rough-rough surface interactions are asperities
(red) region. The total sum of all asperities gives the real contact area Ar which is much smaller
than the nominal contact area A (defined by the overall geometry of the surface.) (b) An example
of the raw measurement from the pressure sensitive film (Section 3) employed to directly measure
and locate asperities occurring along the frictional interface. (NB: The darker images are indicative
of the contact zones.)

‘island-like’ contact regions, known as asperities, were transmitting the stresses between two lu-
cite bodies. When the bodies were subjected to a nominal squeezing pressure of 2.5 MPa they only
observed asperities forming on∼0.5-0.35 % of the nominal contact areaA0. The normal stress field
across the asperities was uniform, resulting from localized yielding at the plastic flow limit Pf of
the material (also known as the indentation hardness with units of N/m2). If all asperities yield
plastically then the normal load can be written as:

Fn = Pf ·Ar. (1.10)

For adhesive friction, the high compressive stresses at the junction points causes welding of the
surfaces. Slip is accommodated along the interface by shearing of these junctions. The constitutive
relation describing the amount of frictional force Ff required to break these bonds is,

Ff = τs ·Ar, (1.11)

where τs is the shear strength of the material. Combining equation (1.10) and (1.11) gives us the
coefficient of friction µ,

µ =
Ff
Fn

=
τs
Pf
. (1.12)

The constitutive relation given by (1.11) governing the shear interactions, is satisfied if the fric-
tional force is proportional to the real contact area Ar, thus, also satisfying Amontons’s first law.
Equation (1.10) implicitly satisfies Amontons’s second law.

1.4.2 Factors violating adhesive friction theory

While adhesion friction theory elegantly satisfies both Amontons’s first and second laws, a
number of exceptions exist that allows for equations (1.10) and (1.11) to be violated. Both the
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indentation hardness and shear strength are strongly dependent on temperature, pressure and
sliding velocity, making the first order approximation of µ more complicated. Lubrication can
also change the specific mechanisms allowing for (1.10) and (1.11) [147, 146, 161]. Asperities can
interlock and plough through each other, which changes the shear response [163]. The real contact
area Ar may also increase or decrease as slip is accommodated along the interface. Finally, the
original assumption in equation (1.10) that asperities form and grow through plastic yielding may
be incorrect. As the normal force is increased, a single asperity must undergo a transition from
an elastic to elasto-plastic, then ‘fully plastic’ regime [87]. Recent tribological studies have shown
that, in ductile metals, only a percentage of asperities form through plastic yielding along the
interface and that elasto-plastic and elastic asperities also exist [154, 135]. Figure 1.5(b) shows
raw measurements from an experimental pressure sensitive film (discussed in detail in Section 3)
that allowed us to locate, size and measure normal stresses on individual asperities. The result
show that normal stress does fluctuate along the asperities. Variations in the normal stress field
on single asperities indicate that they were not formed under a single ‘flow pressure’ Pf .

1.4.3 Mechanisms for single asperity formation under normal loads

In the previous section, we addressed some limitations to adhesive friction theory; some of the
main issues leading to the violation of equations (1.10) and (1.11) were lubrication, temperature
and velocity dependence of hardness and strength, variable Ar with increased friction force, as-
perity interlocking, and non-plastic formation of asperities. The coefficient of friction (equation
(1.12)) is actually a combination of two constitutive relations describing the formation (equation
(1.10)) and the shearing of asperities (equation (1.11)). We first examine the formation of asperities
under normal loads.

Hertz’s [81] first studied the contact formed between two perfectly smooth elastic spheres
pressed together under normal forces P (see Figure 1.6). The elastic spheres have a radius of
R1 and R2, Young’s moduli E1 and E2 and Poisson’s ratio’s ν1 and ν2. Hertzian contact theory
was used by Cattaneo [46], and others [125], as the foundation for more intricate contact models.
Deformation fields in the solid can be determined by minimizing the elastic deformation energy.
From this we can determine the approach distance s or elastic ‘penetration’ (i.e. the change in
distance between the two centers of the spheres). It is given as

s =

(
R1 +R2

R1R2

)1/3(3P (1− ν2)
4E

)2/3

(1.13)

where
1− ν2

E
=

1− ν21
E1

+
1− ν22
E2

. (1.14)

For the special case where a sphere with radius R = (R1) is pressed against a flat surface (i.e.
R2 →∞) a circular contact patch with radius a0 is formed:

πa20 = πRs (1.15)

for the normal force
P =

4E

3(1− ν2)
s3/2R1/2. (1.16)
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Figure 1.6: (a) Contact between two elastic smooth spherical. Spheres are subjected to a normal
force P causing the formation of circular contact with radius a0. (b) Schematic drawing of a single
asperity compressed and then loaded tangentially [adopted from 143]. Due to loading, slip accrues
along the periphery of the contact area and grows inwards with increasing shearing. We refer to
this asperity response as a partial-slip asperity.

A concise derivation can be found in Persson [145] who also gives an excellent overview of the
current field of contact mechanics. In the next section, we use this derivation and examine the
effect of adding shear forces to the Hertzian contact problem.

1.4.4 Mechanisms for single asperity responses under normal and shear loading

Cattaneo [46] elaborated on Hertz’s derivation and studied the effects of a sphere pressed
against a flat surface and loaded tangentially [see also 125, 51, 50, 30, 186]. Figure 1.6 shows a
schematic representation of a spherical elastic body pressed against a rigid flat surface [adopted
from 143]. The green line shows the deformation under only normal forces and the red line shows
the deformation with the addition of tangential loads. As the tangential load increased slip is
accrued along the periphery of the contact region while the central portion remains stuck. Mindlin
[125] refers to this as incipient sliding. Johnson [Chapter 7 in 87] has presented the full derivation
for the partial sliding spherical asperity against a flat plate. The radius of the stuck region is given
by c0 and the full contact radius by a0 and the ratio is given as

c0
a0

=

(
1− Q

µP

)1/3

(1.17)

where Q is the shear force calculated by integrating the tractions over the contact surface (0 <
r ≤ a0) and µ is the coefficient of friction. Ciavarella [51, 50] generalized the Cattaneo partial slip
problem for single, multiple and periodic contacts and, more recently, Paggi et al. [143] formulated
the problem for rough surfaces. We use the partial-slip asperity model to interpret experimental
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results in a finite element (FE) model (see Section 7). The model takes advantage of locations and
size of asperities measured from the pressure sensitive film (Figure 1.5(b)). Each individual asper-
ity abides by equation (1.17). Multicontact interfaces (MCI) take advantage of the fundamental
theories for single asperity contacts. They may help in understanding features associated with
precursory seismicity since they can provide estimates of local variations in the shear stiffness – a
factor that controls the ingress of a shear rupture into a patch of resistive asperities.

1.4.5 Asperity formation on a multicontact interface (MCI)

Single asperity contact has been described in great detail by Mindlin [125] and a more recent
overview is given by Johnson [87]. Archard [8] modeled the approach of randomly rough sur-
faces by modeling a surface made of smaller spherical protrusions on larger spherical protrusions
which was pressed into a flat rigid surface. Greenwood [78] was the first to derive a mathematical
study applicable for these realistic surfaces. The Greenwood-Williamson (GW) model assumed
that the interacting surfaces where composed of spherical bumps of varying heights using statis-
tical distributions. These random heights where defined mathematically as a Probability Density
Function (PDF) of interchangeable distributions. The model predicts that as the normal force Fn
is increased, real contact Ar increases through two processes [see also 17]:

1. growth of the individual area of previously “active” asperities;

2. growth of the total number N of asperities.

This was clearly observed by direct visualization by Dieterich and Kilgore [64] from experiments
performed by pressing two Lucite blocks together in the laboratory. We note that in Dieterich’s
study, all asperities formed at the flow pressure, which may not be an appropriate assumption
as mentioned previously. The model is widely cited in the geophysical literature but invokes
some critical assumptions that may not be altogether realistic. One assumption is that contacts are
formed independent of each other, meaning the separation between individual asperities must be
large. Bowden and Tabor [33] found that the ratio of Ar/A and average asperity area ā was ∼
10−3 and a few microns, respectively. This meant asperities were sufficiently separated (∼ 100 µm
for the previous study) so they are therefore mechanically independent of each other. Greenwood
[76] has recently and criticized his earlier “naive” hypothesis that

“[in the GW model, we] assume that a contact is formed whenever a summit meets the oppos-
ing surface, and that this contact then grows independently of all other contacts. Thus, the
number of contacts steadily increases as the surfaces approach. This is, of course, not what
actually happens: the true end of the approach process is that there is only a single contact
area. Realistically, contacts do not simply grow, they merge to form ‘contact patches’”. – J. A.
Greenwood.

Seminal work by Nayak [133] discussed how asperities are formed on interacting surfaces where
roughness was defined at two length scales: each length scale affected certain aspects of how the
surfaces approached each other. This idea has also been mathematically detailed by Persson [145]
and accounts for the formation of asperities where separation distances are small and, therefore,
their mechanical independence is no longer valid. The model takes into account the fact that
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as the incremental deformation of the asperity tips occurs, the incremental plastic volume re-
appears as a uniform rise in the nearby surface that is not in contact [see e.g. figure 1 from 133].
This process actually promotes the coalescing of asperities as the normal force is increased, and
asperities no longer grow independently of each other as proposed in the GW model. The Nayak-
Persson theory promotes irregularly shaped, larger asperities that contain holes and non-uniform
variations in normal pressure due to the roughness on the coalescing large contact – more similar
to Archard’s [8] concept of asperities on asperities. The fact that asperities can form dependent
of each other under increasing normal force has direct implications on how they react when they
are subjected to shear force (or the stress perturbations from an advancing shear rupture). Within
the adhesive friction model, bulk shear response of the interface is described by equation (1.11).
Newer studies have determined that a level of shear elastic communication between neighboring
asperities exists due to their close proximity [45, 2, 150, 184].

1.5 Other applications of this research

Seismicity is generated from a source, e.g. it is asperity failure in the context of this disser-
tation. Seismologists have become experts at deciphering properties of these sources; i.e. the
mechanism associated with the rapid release of energy within the rock mass. This source holds
information about the stress changes due to engineering activities that are perturbing the fault
either intentionally or unintentionally. The seismicity is, however, an indicator of something that
has already happened – the bulk stress states of the rock mass generating seismicity are still elu-
sive. The primary goal of laboratory tests is to produce analogous seismicity and carefully monitor
stress states that cause them. A greater understanding of the stress states surrounding nucleation
of rapid shear rupture along frictional faults is important in many engineering endeavors, such
as enhanced geothermal systems (EGS), geologic sequestration of CO2, deep geologic disposal of
high-level nuclear waste, oil and gas recovery, slope stability with regards to landslides, hydraulic
dam stability (e.g. taillings dams), mining safety, among others.

In projects where fluids (or proppants) are injected into a rock mass with a fracture network,
one major concern is whether a pre-existing fracture (or fault) experiences frictional sliding or the
generation of new fracture surfaces. With regards to EGS and oil and gas recovery, the goal is
to generate new fracture surfaces without uncontrolled extension of fractures (referred as induced
seismicity). While large scale seismicity has to be avoided [174], scientists and engineers have be-
gun to observe small, previously undetectable seismicity [29] due to improved instrumentation
and down-borehole seismometers [102, 92]. This small seismicity carries important information
regarding a cohesive zone (or process zone) lagging the fracture tip [see e.g. 112, 128, 85, 111]. Lab-
oratory efforts (such as those described here) are attempting to better understand this seismicity
in relation to the sudden transition from quasi-static to dynamic slip along the fault.

While the previous applications require the generation of new surfaces, lack of seismicity be-
comes paramount during other activities. When disposing of nuclear wastes in deep geologic
repositories [166], physical excavation of the repository may cause damage and seismic moni-
toring can help evaluate the extent of this damage. The irreversible processes associated with
seismicity can increase the hydraulic permeability in an endeavor where water ingress is highly
detrimental to the safety of millions of people.

Sequestration of CO2 in saline aquifers has also become important in lieu of the negative effects
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that greenhouse gasses have on our climate systems. Ensuring that the supercritical CO2 remains
within an aquifer for long periods (thousands of years) means that local monitoring of seismicity
is important. A major problem for these projects are fractures of the low permeability cap rock,
which retains the gas at depth within the aquifer [127]. Fractures that lead to the release of gases
is counterproductive to the ultimate goal of reducing carbon emissions and may be potentially
harmful and deadly if they occur on shore [53].
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Chapter 2

Experimental facilities

In this chapter we detail the general experimental configuration used in this study. The setup
is a direct shear apparatus that measured slow premonitory slip and precursory seismicity along a
fault leading up to dynamic failure. We used a pressure sensitive film to better understand the ini-
tial distributions of asperities along the fault. A video camera was able to detect light transmitted
through asperities during the experiments. All the tools detailed in this chapter have increased
our understanding of the processes controlling heterogeneity in premonitory slip accumulation.

2.1 General experimental setup

A schematic view of the direct shear friction apparatus used in the experiments is shown in
Figure 2.1(a). The reaction frame accommodated the larger PMMA base plate (600 mm x 300 mm x
50 mm thick) and could apply a normal force (Fn) of 5.8 kN through two balanced hydraulic cylin-
ders (Parker H3LLT28A) and a rigid loading platen to a PMMA slider block (400 mm x 80 mm x
13 mm thick). The PMMA slider block was bonded to the rigid loading platen using cyanoacry-
late. The PMMA-aluminum shear bond, tested in a separate load frame, had a shear stiffness of
28 N/µm compared to the 0.42 N/µm stiffness of the PMMA–PMMA interface determined subse-
quently. Gross interface stiffness is commonly calculated as the total force released divided by the
amount of rapid slip during a stick-slip event [19]. A more detailed understanding of the interface
stiffness is provided in Section 7, which examines stiffness in the slower, preparatory phase of nu-
cleation. A maximum normal stress of σn ≈ 1.14 MPa can be applied to the nominal surface area
of the simulated fault (12.7 mm x 406 mm). The normal force (Fn) was estimated from an in-line
pressure transducer (OMEGADYNE PX329-2KG5V) that measured the pressure in the hydraulic
cylinders. To induce a shear force along the fault we used an electro-mechanical shear actuator
(Exlar Tritex II T2X115) with shear stiffness of 154 N/µm operating at 1 Hz. The shear actuator
was used to drive the rigid loading platen at a constant velocity VLP while maintaining a normal
force Fn on the slider block. The shear force (Fs) was measured using a load cell (OMEGADYNE
LC213-1K) placed between the shear actuator and the loading platen. Detailed drawings of the
individual components and load frame are presented in Appendix A. (NB: The detailed drawings
in Appendix A differ slightly from that described in this study. It represents the most recent ver-
sion of the apparatus (ca. 11/18/2015). However, the general dimension required to reproduce
the results presented here remain identical and the only difference is the increase in the number
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of sensors.)

2.2 Instrumentation

The general arrangement of sensors used in this investigation is shown in Figure 2.1(c). We
used non-contact eddy current induction sensors (SHINKAWA VS-020L-1) at seven locations along
the fault (NC1-NC7) to measure the macroscopic longitudinal slip along the fault. Slip is referred
to as the differential displacements across the interface (see Section 1.3.1). Two eddy current sen-
sors were placed at the leading (LE) and trailing edge (TE, the edge in contact with the thruster)
of the slider block in the y-direction. These allowed us to index the slider block with respect to the
base plate and measure for any twisting during failure of the interface. Aluminum targets were
used to change the inductance of the magnetic field, which was linearized using a displacement
converter (SHINKAWA VC-202N), over frequency ranges from DC to 20 kHz (-3 dB), and showed
linearity ∼ 444.52 ± 0.11 µm/V between 0 and 2000 µm with a resolution of 0.1 µm for each sen-
sor. Mounting of the targets to the sample was done with a minimal amount of cyanoacrylate in a
similar manner to Ohnaka and Shen [140].

Acoustic emission sensors have been used in the past to study nucleation processes of rock
failure in the laboratory [e.g., 110, 176, 171, 74, 120]. An array of 15 Glaser-type conical acoustic
emission sensors (PZ1-PZ15) was placed on the underside of the base plate (Figure 2.1(c)). The
detailed layout of the acoustic emission array and non-contact sensor array can be seen in Figure
2.2(a). These sensors were absolutely calibrated beforehand using the techniques of McLaskey and
Glaser [117, 116]. They detect fault normal displacements from a near-field vantage point with a
frequency bandwidth of∼5 kHz to 2.5 MHz (-3dB) with± 1 pm noise floor [117]. The sensors were
connected to a high-speed digitizer (ELSYS TraNET EPC 16-bit dynamic range, 10 MHz sample
rate) and measured the small dynamic stress waves (foreshocks) that were emitted before the block
experienced a fault-wide dynamic rupture. During a full stick-slip event, the high sensitivity
sensor signals became clipped immediately before rapid sliding ceased. Full waveforms of the
acoustic emissions associated with individual stick-slip events were recorded using two passive
piezoelectric sensors (OLYMPUS Panametrics V-103) at PZ14 and PZ15. Accurate locations of the
non-contact sensor array are shown in Figure 2.2(a) [see also, 167] (red crosses) and the seismic
array (black triangles) placed on the top (z = 0 mm) and bottom (z = 50.8 mm) surfaces of the base
plate.

2.3 Sample preparation

The surfaces of the PMMA slider and base were machined flat (∼ 0.024 mm / 400 mm), then
professionally sandblasted using 40-60 grit Al2O3 (440-220 µm) to create roughness profiles [159]
similar to those found in nature [149, 43, 44]. Before any reported testing the interface was sheared
for a cumulative slip∼36.1 mm. This ensured the formation of a mature frictional interface; at this
point the changes from abrasive and adhesive wear [161] become minimal and do not control
friction [18] on the ‘mature’ faulting surface. Section 6.2 examines the mature surface roughness
using a variety of surface profilometry techniques.
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Figure 2.1: (a) An overall schematic representation of the direct shear friction apparatus and its
major components. (b) A photograph of the apparatus showing the location of the video camera
in relation to the frictional multicontact interface (MCI). (c) General configuration of direct shear
apparatus from the side view with general locations for the non-contact eddy current (NC1-NC7)
and AE sensors (PZ1-PZ15). These sensors were used to detect dynamic changes as the fault began
to fail. (d) (top) A photograph of the monitor used to display the video camera images in real
time. Asperities appear as bright spots within the darker, interface region. (bottom) A schematic
representation of Detail A from (c) depicting the theory which describes the transmission of light
through asperities (solid lines) and diffracted light along the void space (dashed lines).
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Table 2.1: Material Properties for Polymethyl methacrylate (PMMA)

Density, ρ (kg/m3) Shear Modulus, G (MPa) Young’s Modulus, E (MPa)
1180 2277.1 6011.4

Poisson’s ratio, ν P wave velocity, Cp (m/s) S wave velocity, Cs (m/s)
0.32 2700 1389.1

2.4 PMMA properties

A glassy polymer, polymethyl methacrylate (PMMA) was used as an analog for a ductile
rock/rock interface [see e.g., 182, 170, 63, 26, 156, 21, 111, 115, 121, 107, 105, 173]. Poly(methyl
methacrylate) is a glassy polymer [11] with physical characteristics at room temperature as fol-
lows: density ρ = 1180 kg/m3, shear modulus G = 2.27 GPa [158] and a Poisson’s ratio of ν =
0.32. The body and shear wave velocities are 2700 m/s and 1390 m/s, respectively. Using a digital
scanning calorimeter (DSC) we determined the glass transition to be Tg = 114 oC. The rigidity of
the sliders was kslider ≈ (Area/h) · G = 144.6 N/µm with a mass M ∼ 5.24 kg (including rigid
loading platen). Material properties are also shown in Table 2.4 for clarity. We determined the
above values independently; they fell within the range of values for PMMA material properties
that can be found in the literature [11, 34].
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2.5 Microscopy of asperity surface

Full asperity surfaces were initially visualized using light microscopy (dark field illumination)
at less magnification. To reconstruct the asperity, multiple images were stitched together manu-
ally in an image processing software. Two different optical profilometers (using white light inter-
ferometry) were use to characterize the surface roughness at different length scales. For longer
wavelengths (millimetric), a Nanovea PS50 Profilomter with a 3000 µm optical pen was used.
Scans sizes were 25 mm x 13 mm with 10 µm spatial resolution and 0.5 µm height resolution. For
shorter wavelengths, higher magnification (micron length scales) roughness measurements were
required. Non-contact interferometry measurements were performed using the ADE MicroXAM-
100 Optical Profilometer. The non-contact profilometry provided height measurements (0.01 µm
resolution) over a scanning area of 256 µm x 196 µm (1 µm spatial resolution) in the x- and y
-directions, respectively.

2.6 Photography of interfacial asperities

Dynamic changes along contacting asperities during the premonitory phase were measured
using a similar technique to Dieterich and Kilgore [64]. The unique setup and transparent prop-
erties of the ‘glassy’ PMMA allowed us to directly observe the interface during the experiments.
Figure 2.1 (b) depicts the location of the video camera (VIXIA HF G30 CMOS) in relation to the
faulting plane. The video camera was focused at a 31o angle to the horizontal and at a distance of
230 mm from the frictional plane. Detail A in Figure 2.1 (d) illustrates the theory of operation [65,
165, 162]; (i) two nominally flat interfaces only touch on asperities; (ii) the light was transmitted
more effectively through these contacting asperities; and (iii) light was diffracted through the void
space in which no contact occurred. The high definition video camera operated at a video frame
rate of 60 fps (∆tframe = 1/60 s ∼ 16.7 ms) and images were obtained at a focal length of 3.67 mm.
To improve image resolution without the use of digital enhancement, a CANON 58 mm Close-up
Lens 250D was attached directly to the camera. The field of view was 10 mm and images are 2136 x
1362 pixels per frame, making the resolution 0.005 mm/pixel (∼5 µm/pixel). No image correction
was performed for the optical distortion, instead 200 µm thick lines were drawn along the inter-
face at 5 mm spacing to form a stereographic grid to account for any orthoscopic distortions from
the camera, close-up optical lens attachment and light passing through the PMMA sample simul-
taneously. Through calibration tests (Section 4) I found that the light intensity increased linearly
with normal stress levels between σn ≈ 23 to 32 MPa.

2.7 Pressure sensitive film

A FUJI Prescale pressure sensitive film was employed to detect and measure the contacting
asperities formed between the interacting surfaces. Raw images of the film is presented in Figure
1.5(b). The pressure sensitive film is polyethylene based and has a thickness b of approximately
90 µm. The film has embedded microcapsules (5 µm resolution) that, when compressed, release
ink with colors proportional to the applied pressure (± 1.5 Pa resolution). The specific film used
in this study is rated for normal pressures between 12 to 50 MPa according to the manufacturer.
At stresses higher than 50 MPa the microcapsules do not experience further discoloration and
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the intensity is saturated (I ∼ 0.3 cd). An example of the processed images are shown in Figure
2.2(b). The film is first placed along the fault and compressed between the PMMA blocks where
it develops for a period of ∼ 900 s. After loading, the film was extracted and digitized using an
image scanner (MUSTEK ScanExpress A3 USB 2400 Pro Scanner). Algorithms in MATLAB were
created to isolate, size and catalogue all contacting asperities in the static state - under normal
load and not subjected to shear. The film was calibrated using a finite element model (FEM) in the
commercially available software ABAQUS and the results are presented in section 3.
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Chapter 3

Calibration of pressure sensitive film

In this chapter we calibrate a novel pressure sensitive film that characterizes asperities formed
along an interface between two bodies pressed into contact. The film was calibrated by performing
indentation tests. A (relatively) rigid spherical steel indenter was pressed into the pressure sen-
sitive film resting on an elastic substrate. A numerical finite element (FE) model was constructed
and the numerically calculated stress profiles were compared to those given by the pressure sen-
sitive film. These calibrations are more rigorously documented in Selvadurai and Glaser [167].

As mentioned in Section 1.2.1, the manner in which asperities form (equation (1.10)) and fail
(equation (1.11)) are not well understood. The ability of the film to characterize the distributions
and sizes of asperities on relatively large laboratory scales (∼ 4000 mm2 with∼ 25 µm2 resolution)
is important to better understand the frictional processes controlling the nucleation that occurs
during unstable sliding. Additional detail of the normal stress along individual asperities gives
a novel insight into the constitutive manner in which they form – previous studies have used the
plastic flow asperity model (equation 1.10). Variations in normal stress along contacting asperities
(seen using the pressure film) promotes the idea that they may form elastically (or a combination
of elasto-plastic). These subtle changes may influence their response when resisting the growth of
a shear rupture (seen in Figure 1.4(b)).

3.1 Indentation test

A spherical indenter apparatus was used to test the pressure sensitive film and is shown in
Figure 3.1(a). The pressure sensitive film was used to measure the normal stress profiles caused
by pressing the spherical steel indenter (radius R = 9.5 mm) into the pressure film that was laid
freely on top of a 50.8 mm thick PMMA base plate. The PMMA substrate had a Young’s modu-
lus E = 6.0 GPa [34] and a Poisson’s ratio ν = 0.32 [11]. The apparatus was capable of delivering
a normal force Fn from 0 to 70 N (compression), which was measured using an in-line load cell
(ELPF-T3M-500N). A new piece of pressure sensitive film was used for each indentation test. Once
the film became discolored it no longer had the ability to measure a lower normal stress (the dis-
coloration of the film is irreversible). The pixel color is representative of the highest level of stress
that the pixel sustatined during a test. A small section, 5.5 mm x 6.1 mm, surrounding the discol-
ored contact patch was digitized using an HD scanner (MUSTEK SE A3 USB 2400 Pro) at 24-bit
resolution with RGB color. Once digitized, the image was imported into MATLAB [114] and each
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Figure 3.1: (a) Indentation test configuration used to calibrate the pressure sensitive film. (b)
Digitized images of the pressure sensitive film for various levels of normal force applied through
the steel indenter. Digitized images were converted to luminous intensity and had an absolute
range of 0 to 1 candelas (cd).

pixel converted from an RGB color scheme to the luminous intensity color scheme [73]. Luminous
intensity is an SI photometric measurement unit that has a value between 0 to 1 candelas (cd).
This metric refers to an average measurement of light intensity across the visible spectrum and is
known as photometry. Photometry was also employed for images obtained from the video camera
that studied dynamic changes of light transmitted through asperities during nucleation (Section
4). Figure 3.1(b) shows the luminous intensity obtained for three indentation tests at Fn ≈ 13, 25,
and 50 N. The brighter region (outside the contact patch) has a higher value of I ∼ 0.65 cd while
the darker contact region ranged from I ∼ 0.3 to 0.6 cd.

3.1.1 Numerical modeling of indenter into elastic halfspace

To better understand the light intensity profiles shown in Figure 3.1(b) an axisymmetric, 2-
dimensional finite element model was created using the commercially available ABAQUS soft-
ware. The model excluded the effects of the film and assumed frictionless contact between the
rigid indenter and PMMA substrate. At room temperature (∼ 25 oC), we do not expect PMMA to
yield (or soften) until ∼ 78 MPa [11]; a linear elastic model was therefore chosen. The deforma-
tions were modeled as classical Hookean isotropic elastic [177]. The incremental elastic strains are
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Figure 3.2: (a) Numerical model used to model the pressure distributions measured by the pres-
sure sensitive film. (b) Displacements in the z-direction (uz = u2) and (c) normal stress (σzz) from
Detail C in part (a). The results shown in (b) and (c) are for an applied normal force of Fn = 49.74
N.

given by,

dεij =
dσij
2G
− λ∗ · dσkkδij

2G(3λ∗ + 2G)
, (3.1)

where λ∗ is the Lamé’s first parameter, G is the shear modulus and summation over the repeated
indices is implied. The model is composed of 46,687 quadratic elements (CAX4R) and was refined
to a length scale of 100 µm in the region of contact. The model and boundary conditions are
shown in Figure 3.2(a). Figure 3.2(b) shows the z-direction component of displacement (uz = u2)
from Detail C in Figure 3.2(a). Figure 3.2(c) shows the normal stress component (σzz) from Detail
C in Figure 3.2(a). The results in Figures 3.2(b) and (c) are for an applied normal force Fn = 49.74
N.
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Figure 3.3: (a) Comparison of normal stress distributions from experimental pressure sensitive
film (solid lines) and the numerical model shown in Figure 3.2 (dashed lines) for various normal
loads. (b) The relationship between normal stress calculated numerically and the light intensity
measured experimentally. The error bars represent spatial errors between the profiles.

3.1.2 Numerical modeling versus experimental observations

The distribution of pressures calculated using the numerical model are shown in Figure 3.3(a)
for normal loads of Fn ≈ 13, 25, and 50 N (dashed lines). Transects were drawn through the
centroid of the contact region in the experimental measurements obtained from the images in
Figure 3.1(b). The solid lines in Figure 3.3(a) show the experimental profiles of light intensity from
these transects (see right hand axis for the corresponding measurement). The film was saturated
at a light intensity of I=0.3 cd; this corresponds to a normal stress of 50 MPa, which was expected
from the manufacturer’s specifications. The error between the experimental and numerical stress
profiles were calculate at a normal stress of 12 to 50 MPa. The percentage error in the normal
stress profiles ranged from -5 % to 6.6 % at 12 MPa and ranged from -7.7 % to 0 % at 50 MPa.
The relationship between light intensity and normal stress is shown in Figure 3.3. The error bars
were determined by examining the error in the profiles of four independent indentation tests at
each load level shown in Figure 3.1(b). The general shape of this relationship agrees with the
manufacturer but was offset in the x-direction. This may have been due to ageing of the film; the
manufacturer warns that the film becomes slightly darker with time.

3.1.3 Repeatable usage of the pressure sensitive film along a frictional interface

Using the calibration data curve in Figure 3.3(b) we mapped the interfacial distributions of
asperities. An example of the contact measurements for a mature surface is shown in Figure2.2(b)
with a magnified asperity in Detail B. Due to the static nature of this measurement and the inher-
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ently dynamic nature of the test, the pressure sensitive film was removed from the interface prior
to the application of a shear load. This study does not focus on a film-mediated sliding surface.
Once the film was extracted from the interface, it was scanned to a spatial resolution of 5 µm and
processed using MATLAB [114] image recognition algorithms.

Five algorithms were used to process the film and calculate the normal stress from the light
intensity measurements: I CONVERT TO STRESS.m, II EQM.m, III ANALYZE ASPERITIES.m,
IV DISCRETIZE.m and Calibration curve good.m. These are given in Appendix B (with anno-
tations) and should be applied in chronological order. Scripts are capitalized as opposed to the
functions.

These algorithms first convert the scanned image (tagged image format file, TIFF) to normal
stress using the calibration curve calculated in Figure 3.3(b). A lower threshold contact stress
value was obtained in an iterative manner [164]. Two assumptions were made: contact occurred
only along the x–y plane, and the force on each pixel (pixel area × pixel stress) was exactly out-
wards normal to the faulting plane. For all pixels experiencing stresses above the threshold, a total
reactive force Fr was calculated. The threshold was then varied iteratively and lowered until Fr
balanced the applied far-field load, i.e. Fr = Fn. Using the stress threshold, the image (in units
of MPa) was converted into a binary image (above and below the stress threshold). All the pixels
below the stress threshold were given a value 0 and those above were given 1. The MATLAB
function regionprops then returns the properties of the discontiguous regions defined by the asper-
ities. While many properties were determined (e.g. eccentricity, orientation, solidity, etc.) only a
few properties that we deemed to be important to these frictional studies were included. We were
able to accurately measure the asperity contact area and normal stress, including mapping of the
actual size, shape, and spatial distributions observed over the entire fault [168]. The total contact
area is the sum of all pixels above the stress threshold.

3.2 Determining changes in interfacial normal stress due to repeated
loading

When using the pressure sensitive film, a major goal was the accurate and consistent measure-
ment of the contacts along the fault. The film was not used during sliding; it was removed prior
to application of shear loads to the fault. It was important to be able to re-index the fault accu-
rately to an original datum location, between the slider block and base plate, after the film was
extracted to ensure that the asperity information obtained from the film was maintained on the
now solid-solid interface. To do this, small micrometer adjustment screws (accuracy ± 1.27 µm
per revolution) were used for the x- and y-position adjustments [see 164].

As a test of repeatability, the slider block was indexed to within ± 2 µm in the y-direction and
± 5 µm in the x-direction of the base plate on three separate occasions. For each test an indentical
load was applied and the film was used to characterize contact. For the results shown in Fig-
ure 3.4, the interface was subjected to a nominal interface pressure of 3.5 MPa, held for 60 seconds
while the strip of pressure sensitive film was sandwiched along the full length of the interface. The
relative humidity and temperature of the room were 35% and 21.5oC, respectively, and remained
constant for the duration of these tests. Figure 3.4 shows a detailed view of the normal stresses at
two randomly chosen locations on the interface for the three consecutive tests (A, B and C). The
low stress (12–17 MPa) contact areas varied by∼14% due to loading. These changes occurred over
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length scales of approximately 100 µm. Regions displaying higher stress (37.8–50 MPa) displayed
a spatial variability at scales of approximately 20 µm. Error in recreating identical contact patches
may be due to mundane experimental errors and surface roughness, which controls normal stress
distribution [80, 2], an is defined by multiple roughness parameters [133]. The effect of roughness
on the formation of asperities and their subsequent effect on preparatory seismicity will be dis-
cussed later. From the images seen here we see that at larger spatial wavelengths (scales of ≈ 100
µm) the general shapes of the asperities appear to be conserved quite well.
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Figure 3.4: Results from three successive normal loading tests where a medium range pressure
sensitive film was placed in a sand blasted PMMA-PMMA interface. Samples were loaded nor-
mally, to approximately the same nominal pressure (3.5MPa), for ≈ 60 seconds. Tests A, B and C
were carried out in chronological order and the positioning of the top slider with respect to the
base plate was done using the eddy current sensor array and fine threaded screws. Detailed views
of two randomly chosen locations along the interface are presented (normal stresses are given in
MPa). Each image is composed of approximately 100 x 200 pixels (image resolution ≈ 5 µm).
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Chapter 4

Asperity Photometry

In this chapter we report on the use of a video camera (see Figure 2.1) to measure light trans-
mitted when two transparent bodies come into contact. Asperities must form via elastic, elasto-
plastic or fully plastic interactions (Section 1.4.2) but the manner in which they form is not well
understood.

As mentioned in Section 2.6, asperities formed along a fault transmit light through the base
plate to the slider block and then an image is captured by the camera. Asperities transmit light
more easily than the void space making them appear brighter. In the first part of this chapter
we employ similar digital techniques to those used for the pressure sensitive film; i.e. digital
image processing [73, 114], is used to map the asperities present in the frame of the video camera.
We examine how the asperities react to an incremental increase in the normal load Fn. We then
examine the level of light intensity transmitted the through asperities and compare this to the
normal stresses measured using the pressure sensitive film at identical locations on the fault and
with the same applied normal loads Fn. We found that the light transmitted was proportional
to the average normal stress on larger asperities. The majority of the findings and techniques
presented in this chapter have been documented in Selvadurai and Glaser [167].

4.1 Interfacial measurements of transmitted light using photometric
methods

As mentioned in section 2.6, we used a video camera to monitor the light transmitted through
contacting asperities in the direct shear experimental configuration. Figure 4.1(a), shows an un-
processed image taken along the interface. The interface appears darker and this section small
populations of bright asperities can be observed. The edges of the image are distorted due to the
aperture effect of the lens. We focused our analysis on the portion of the image in the red box
highlighted in Figure 4.1(a).

4.1.1 Variations in normal load and its effect on local luminous intensity

A test was performed to analyze the light transmitted through asperities due to an increased
far-field normal force Fn in the direct shear setup shown in Figure 2.1(a). The normal force was
varied incrementally in a step-like manner as seen in Figure 4.1(b). At each level of normal force a
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Figure 4.1: (a) An unprocessed image (2136 x 1362 pixels) from the video camera focused on the
interface (darker region). Within the dark region are small bright regions that are asperities which
transmit light more easily. (b) Test performed to measure the changes in light intensity and its
relation to the applied normal force Fn.

2-second video (i.e. 120 picture frames) was captured and is indicated by the red crosses in Figure
4.1(b). The hypothesis is that as the far-field normal force increases so does the normal stress at
the junction-level of the asperity. The closure of the asperity due to increased normal stress allows
greater transmission of light. The normal force was first unloaded from Fn ∼ 5.8 kN to 0.4 kN
and then reloaded back to Fn ∼ 5.8 kN. A total of 12 steps were taken for both the loading and
unloading portions of this experiment. The central frame of the 2-second video was used in the
following analysis. The raw image captured from the camera had a RGB color scheme and was
stored in the tagged image file format (TIFF). The color was converted to luminous intensity I in
the same manner as was done for the pressure sensitive film (Section 3.1). Identical algorithms
were used for the pressure sensitive film to process the video camera images (see Section 3.1.3 and
Appendix B for the algorithms themselves).
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4.1.2 Asperity growth with step-like increase in normal force using photometric
methods

We focused on the small section of the interface shown in the red box of Figure 4.1(a). The
threshold for light intensity was set to Ithresh = 0.5 cd. We first examined the number of pixels
above the threshold versus the applied normal force Fn. We believe that the absolute number of
pixels is not an indication of area since the images are taken at an angle of ∼ 310o. However, we
expect that the sum of light intensity above Ithresh is related to a projection of the real contact area.
Mapping the distorted picture to an x-y frame was done by Selvadurai and Glaser [165] using an
envelope mapping technique and should be investigated in future work.

In Figure 4.2(a), we show how a small population of asperities formed in relation to increased
normal force applied in a stepwise fashion (Figure 4.1(b)). Within the highlighted region, the im-
age processing algorithm allowed us to measure: i) the number of contiguous regions (i.e. the
number of asperities) above Ithresh, (ii) the number of pixels in each of these contiguous regions
and (iii) the distribution of light intensity within each region. To eliminate any background noise,
an asperity was defined as a contiguous region if it had a minimum of 10 pixels with luminous
intensity above the threshold Ithresh. The inset images in Figure 4.2(a) are snapshots of the high-
lighted region for respective levels of applied normal force Fn. The study of asperities using their
transmitted light intensity and our ability to catalogue them individually using post-processing
software has many benefits and can provide a number of interesting metrics to better understand
the random process models describing approaching rough surfaces [e.g., 133, 146, 145].

Since the seminal paper by Greenwood and Williamson [78], the study of asperity formation
between randomly rough surfaces (GW model) has been extensively employed in numerous en-
gineering and scientific endeavors. As mentioned in Section 1.4.5, Greenwood has recently come
forward [77, 76] criticizing some of the assumptions made in the GW model and recent works.
The field of tribology (i.e. the science and engineering of interacting surfaces in relative motion) is
most interested in better understanding these key criticisms. One critical assumption of the GW
model is that asperities form independent of each other. The spacing between larger asperities
is great enough that they do not interact as the normal force Fn is increased. While interaction
was believed to happen only when higher normal loads were applied, in truth, the process of
asperity interaction is seen as prevalent. Studying the additional stresses introduced by the elas-
tic interactions of asperities through the substrate are becoming an important topic [145, 36]; the
more recent studies on this subject are primarily computational interpretations [45, 52, 2, 150, 184]
while experimental studies [101] are at the early stages of development.

In Figure 4.2(b), we show the potential application for further experimental studies of asperity
populations (and their interactions) using the photometric tools described above. In Figure 4.2(b),
we examine the average light intensity Ī versus the number of asperities N. As the normal force
was increased the asperity population is either in (i) a ‘locked’ state, where no new asperities are
formed but the intensity increases or (ii) a ‘growing’ state, where new asperities are formed and
the average light intensity over the population decreases.

Throughout normal loading of this small asperity cluster (Figure 4.2(a)), we see that the sum
of pixels increased (mostly linearly) as Fn was increased. Examining the number of asperities
forming in this cluster shows that growth, and formation of new asperities, is highly non-linear;
clusters seem to form dependently based on constraints i and ii. While this measurement is pre-
liminary, it demonstrates a potential method for increasing our tribological understanding of how
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asperities are forming in the laboratory. The processes (elastic, elasto-plastic or fully plastic) are
important in understanding the constitutive response of single asperities or local clusters of as-
perities. As mentioned in section 1.4.1 asperity(ies) form due to two constitutive responses (equa-
tions (1.10) and (1.11)). The experimental methods described here may provide insight into how
asperities form due to increases in normal load (equation (1.10)). Futhermore, we only describe
increasing normal force but the capabilities of asperity photometry increases when we are able to
study effects from both normal and shear loadings during dynamic loading (albeit limited to the
frame rate of the camera).

4.2 Combining pressure film and photometric measurements

We use the now calibrated pressure sensitive film (Section 3) to examine any relationship be-
tween luminous intensity across an asperity junction using the photometric methods described in
the previous section. We employed the pressure sensitive film in the direct shear apparatus in the
same manner mentioned in section 3.1.3 at various normal load levels shown by the red crosses
in Figure 4.1(a). For each load level the fault was positioned to a datum location, the film was
placed along the fault and the appropriate level of normal force Fn was applied. A new strip of
pressure sensitive film was used at each load level. The pressure sensitive film was developed for
thold = 900 s and then the fault was unloaded and the film was carefully extracted and digitized.
The calibration used in section 3.1.2 was applied to determine the normal stress field along the
fault. The frictional fault was carefully re-indexed to the same location using the eddy current
sensor array and fine threaded screws [164], and loaded at the same normal load for an identical
amount of time. At this point, photographs of the interface were taken at the central region of the
frictional fault. We avoided the end regions of the interface (i.e. x = 0 to 100 mm and x = 300 to
400 mm) to prevent the combination shear and normal stress conditions that arise from the direct
shear configuration [21, 103].

In Figure 4.3, we present a pre-processed photograph of the interface (Figure 4.3(a)) and the
post-processed image of the same location using the pressure sensitive film (Figure 4.3(b)) for the
same applied normal load Fn. The three lines, physically drawn along the interface (i.e. L1, L2
and L3), were used to construct a grid (white dashed lines) along the interface that accounted
for the orthoscopic distortions imposed from the camera, additional lens and the PMMA slider
sample itself. This grid was superimposed over the pressure film measurements in Figure 4.3(b)
and referenced using the lines L1, L2 and L3. Within the grid, two locations are highlighted in
the pressure measurements (Figure 4.3(b)) using a yellow and red box. The pressure sensitive film
measurements were distorted using an image processing software (COREL DRAW X4) so that
the distorted coordinate system matched those from the photographic images. In Figure 4.3(c)
locations where light is highly transmitted (in the photographic frame) are compared to locations
where the normal stress appears to be higher (from the pressure film measurements). Not all
regions exhibiting high levels of normal stress were coincident and this was most likely due to
experimental error and our inability to perfectly recreate the interface (see Section 3.1.2).

4.2.1 Calibration of luminous intensity to normal stress along larger asperities

A total of 40 asperities that both transmitted light and had simultaneous film measurements
of normal stress were analyzed for the same far-field normal load of Fn ∼ 5.6 kN. These asper-
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similar locations along the grid (connecting lines).
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ities were hand-picked since the process of locating identical asperity distributions using both
measurement tools was not trivial. Figure 4.4(a) shows the normal stress distribution on a sin-
gle asperity and the accompanying stress histogram. For the same asperity, we show the photo-
metric measurement taken in Figure 4.4(b) with its accompanying luminous intensity histogram.
For each histogram the maximum (red) and mean (black) normal stress and light intensity were
recorded. Figure 4.4(c) shows the relationship between the normal stress and light intensity. Both
the mean (black) and maximum (red) data points were plotted. Linear estimates of the maximum
(R2 = 0.82) and mean (R2 = 0.75) relationship between the normal stress and light intensity were
plotted. We used the fitted slopes to estimate the relationship between light intensity and normal
stress. An increase of 1 MPa in normal stress caused the light intensity to increase 0.05943±0.0012
cd between the normal stress range of 23 to 32 MPa with an error of ±1.45 MPa within a 95%
confidence interval (dashed lines).

In similar studies [63, 64], the light transmitted was assumed to occur only on asperities that
formed due to plastic contact, i.e. the stress levels were uniform over the entire asperity in accor-
dance with the plastic contact limit Pf (from Archard [8] and Section 1.4.1). We clearly see in each
histogram (Figure 4.4(a) and (b)) that the range varies – a phenomena that is better explained by
elastic or elasto-plastic contact. Again plastically formed asperities do not seem to be present as
was observed using the pressure sensitive film in Section 3.1.3.

Experimental errors could have been introduced when the pressure sensitive film was ex-
tracted; reconstituting identical asperity populations (in order to measure the light transmitted)
was not fully achieved. In the author’s opinion, more studies to further develop the catalog shown
in Figure 4.4(c) are necessary, but this should not detract from the initial observations presented
here. (NB: We noticed the light transmitted through the interface did saturate to a single value
(I = 1) if too much light was applied through the base plate. As the source light was decreased,
light fringes became visible. The sensitivity of the correlation curve to the uniqueness of our di-
rect shear friction apparatus indicates the relationship between light intensity and normal stress
should be recalibrated in independently.)
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Figure 4.4: (a) Normal stress along an asperity measured using the pressure sensitive film (left).
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Chapter 5

Laboratory direct shear procedure

5.1 Background and motivation

A dry, mature and unlubricated polymethyl methacrylate (PMMA)-PMMA frictional fault was
created in the laboratory in a direct shear configuration. The fault was sheared until failure. Prior
to failure, slip δ (or the differential motion between the top and bottom surfaces) accumulated
non-uniformly in what is referred to as the premonitory phase. During this phase, sliding veloc-
ities δ̇ along the interface were slow (∼ µm/s) and also varied along the fault. The shear strain
stored in the slider block away from the faulting plane (z direction in Figure 2.1(c)) and that stored
along the fault plane (x-y plane in Figure 2.1(c)) was proportional to the amount of slip. Strains
increased with higher levels of applied normal force Fn. A ‘relatively locked’ region resisted pre-
monitory slip and showed a higher density of asperities than neighboring sections. Just prior to
failure (milliseconds to tens of seconds) small high-frequency emissions were observed using the
piezoelectric acoustic emission sensors. Using standard seismological data processing techniques
we inferred that the size of the sources causing these emissions were similar to those of asperities
measured using the pressure sensitive film (section 3). Photometric evidence 4 showed that some
asperities within the relatively locked region remained in contact throughout the premonitory slip
phase. Here we document the procedure used to reproduce the local precursory seismicity during
the nucleation of dynamic frictional slip.

5.2 Procedure

5.2.1 Premonitory slip phase to gross fault rupture

Both the PMMA slider and base plate were machined and sandblasted as described in Section
2.3. In order to develop a mature surface the fault was loaded to the maximum normal force Fn =
4400N (corresponding to a nominal normal stress of σ0 ∼ 0.9 MPa) and the fault was driven slowly
(VLP = 0.003 µm/s) until it had accumulated a total of ∼ 36.1 mm of slip. The maximum travel of
the slider with respect to the base plate was 10 mm (limited by the linear bearing seen in Figure
2.1(a)). The fault was only sheared in the direction of loading and was indexed to the datum lo-
cation once it had reached its maximum travel distance. During the frictional surface preparation
numerous gross fault ruptures were observed (∼ 1 gross rupture / 600 µm of cumulative slip).
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Both sides of the fault experienced wear from either adhesion or abrasion processes – ultimately
changing the roughness profile. A major focus of this study was to examine precursory seismicity
(e.g. foreshocks). Foreshocks only appeared on the mature faulting surface and, therefore, the
wearing of the interface itself was not studied here. More detailed observations and a discussion
of the mature surface roughness is presented in Section 6.2.

Tests were performed in two phases (Phase I and II) and at four levels of nominal normal
force (Fn = 2000 N, 2800 N, 3400 N and 4400 N). Figure 5.1 shows a typical experimental result
for a normal force of Fn ≈ 4400 N. A strip of pressure sensitive film was used to characterize the
interface, which was then removed and processed. The slider block was indexed back to its datum
location and solid-solid frictional tests were carried out.

During Phase I, the fault, indexed to the datum location, was stress aged [26] for thold = 900
s using the same level of normal force employed to develop the pressure sensitive film. Phase II
consisted of a slide-hold-slide [20, 113, 108, 95] test in which gross fault rupture was created by the
far-field movement of the rigid loading platen (see Figure 2.1(c)). The loading platen was driven
at a constant velocity VLP = 0.010 mm/s for the tests reported here. This resulted in an increase in
shear force (red in figure 5.1(a)) along the interface until instability or gross fault rupture occurred.
Gross fault rupture occurred when the nucleation region grew to a critical size Lc given by equa-
tion (1.9); at this point slip accelerated and rapid sliding propagated over the entire interface. The
term ‘gross fault rupture’ is also referred to as a global stick-slip event (SS). Stick-slip events were
accompanied by a sudden shear force drop (∆Fs) and a rapid increase in slip (∆δseis) in the direc-
tion of the applied shear. Prior to SS, slow premonitory slip accumulated along the fault within a
nucleation region, as described in Section 1.3.1. Slip accumulated non-uniformly and the reasons
for this will be discussed in more detail in Section 6.3.1.

A total of three SS events were produced in Phase II (SS1, SS2 and SS3). Between each SS
event the fault was momentarily held at thold = 900 s as in Phase I, thus allowing the fault to heal
[64]. The arrows in Figure 5.1(a) show when the fault was held during Phase II. Local velocities
at each slip sensor were determined by differentiating the decimated slip signal, over 1 second
intervals, and applying a low pass filter at 10 kHz. The non-contact sensor trigger (NC trigger in
Figure 5.1(b)) had a threshold Vthresh = 4 mm/s; this defined the slip rate observed before the fault
produced a SS event – once any slip sensors breached this velocity threshold, gross fault rupture
always ensued.

5.2.2 High-frequency emissions prior to a gross fault rupture

Figure 5.1(c) shows the slow slip measurements in the premonitory slip phase from sensor
NC7 prior to gross fault rupture. Acoustic emission data (blue) was recorded on 15 channels (AE
sensors PZ1-PZ15) at 10 MHz in 209 ms blocks using the Multiblock setting in the TracerDAQ data
acquisition software. The AE amplitude trigger threshold was set to 6 picometers of fault normal
displacement. We note that the AE sensors have been absolutely calibrated using the techniques
described by McLaskey and Glaser [117, 116]. In Figure 5.1(c), a total of five AE signal blocks are
shown. Within these blocks we noticed the presence of high-frequency acoustic emissions between
a frequency band of 100 kHz-1000 kHz. We refer to the high-frequency emission as a ‘foreshock’
(FS). Detail A of Figure 5.1(c) shows some foreshock detections (green stars) for the final AE signal
block. A total of 10 foreshocks were detected leading up to this particular stick-slip event (SS3 at
a normal load of Fn = 4400 N).
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Figure 5.1: A typical result from the direct shear experiment performed at Fn ≈ 4400 N. The
test consists of a holding Phase I and a slide-hold-slide Phase II. (a) Measurements of the shear
(red) and normal forces (blue) during the experiment. During Phase II, three Stick-Slip Events
(SS1, SS2 and SS3) are created by increasing shear until rapid gross fault rupture ensued. (b) Slip
measurements from sensor NC7 (black) show that stick-slip (SS) instability resulted in a shear
force drop and a rapid increase of slip along the fault. (c) Enhanced view of slip prior to a SS3
from NC7. Acoustic emission (AE) signal blocks (blue) are shown in relation to the slow slip
signal. Timing of the foreshocks for this SS are shown as green stars. In Detail A, an enhanced
signal shows the 3 foreshocks (FS) detected in this window before the impending main shock
(MS). (d) A foreshock, from the sequence shown in Detail A, showing the high-frequency nature
of these signals as measured by the acoustic emission arrays (PZ4-PZ12).
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5.2.3 Foreshock locations and timing

Figure 5.1(d) shows typical foreshock measurement over the 13 fully calibrated AE sensors.
Each foreshock contained high frequency information including pulse-shaped wave arrivals asso-
ciated with P and S wave phases of the radiated energy [e.g., 40, 89, 86, 3, 180]. Location of the
hypocenter and timing of the events were estimated using a least-squares method, minimizing the
error between the first arrival P wave information from a minimum combination of 5 sensors. Due
to clustering of the foreshocks in the ‘relatively locked’ region (i.e. from x ≈ 150 mm to 300 mm)
sensors PZ5-PZ7 and PZ9-PZ12 were primarily used for this calculation. Arrival times of the P
waves were determined using an amplitude criterion: the average amplitude of the differentiated
signal within a small window y2 (100 samples = 1 µs), was compared to that of a preceding larger
window ȳ1 (1000 samples = 10 µs). The mean of the larger window ȳ1 was subtracted from the
smaller window and normalized by the larger window standard deviation σ1; this accounted for
variations among different sensors during different runs, and is given as

z2 =
1

σ1
(y2 − ȳ1) , (5.1)

where z2 was the transformed amplitude of the smaller window (standard normal deviate). An
event was selected when the value of z2 exceeded 4. Hypocentral locations were restricted to the
fault plane and resolved to an approximate spatial resolution of 1 mm and temporal resolution
of 1 µs. The assumption that fracture occurred on the faulting plane (but not off-fault; within the
intact material) follows the previous findings on PMMA–PMMA frictional interfaces [128, 115].
We also note that visual microscopy (Section 6.2) did not show any off-plane fractures.

The current analysis that describes the overall size of a foreshock takes advantage of the abso-
lute calibration of the AE sensors [116]. We assumed that the magnitude of a foreshock is related
to the maximum peak ground displacements (PGD) occurring within the 100 µs from the first ar-
rival, averaged about piezoelectric sensors PZ5, PZ6 and PZ7 (see figure 5.1(d)). In these tests, the
AE sensors measured the fault normal displacements due to the sensor orientation. These sensors
were located directly under the relatively locked ‘region of interest’ of the fault and at hypocen-
tral distances ∼ 50 mm from the majority of foreshock locations. At these sensor locations, we
expected source-to-sensor attenuation to be minimal for both the amplitude and frequency con-
tent [178, 115]. We note that the more remote sensors (e.g. PZ4 in Figure 5.1(d)) were affected by
attenuation and should be adjusted using methods similar to those given in McLaskey and Glaser
[115]; however, the output of these AE sensors was not considered for the PGD measurements
used in this study.
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Chapter 6

Experimental results

6.1 Pressure sensitive film

Developing a map of the asperity locations, geometries and stress states along the fault was
done using the pressure sensitive film described in Section 3. Asperities are formed due to the
interaction of the two rough surfaces (see Section 1.4.5) but the pressure film allows us to know the
asperity distribution independent of the surface roughness. These distributions were then used
to study the properties of the asperities with a level of detail that was not previously attainable
in the laboratory. Ultimately, we believe that the premonitory seismicity (Section 6.4) is directly
related to the rapid localized failure of these asperities. Measurements, such as the normal stress
and size of the asperity are important in understanding how resistive and prone to seismicity
the asperities (or populations of asperities) are in the presence of a slowly expanding nucleation
region. An intimate knowledge of asperities and their influence on precursory seismicity may
help provide better estimates of seismic hazard in the field.

6.1.1 Asperity formation along the fault under normal loads

Contact measurements obtained from the pressure sensitive film are shown in Figure 6.1(a) for
the four levels of applied normal forceFn ≈ 4400 N, 3400 N, 2700 N and 2000 N in decending order.
Real contacts greater than 0.0448 mm2 are shown as scaled circular patches with areas proportional
to the actual measured contact area, enlarged 20 times for clarity. These larger asperities supported
normal stresses above 18 MPa and had areas ranging from Afilm = 0.0448 to 4.97 mm2, which
converted to an equivalent circular asperity representation, had radii betweenRfilm = 0.06 to 1.25
mm. The center of the circular patch was located along the x–y plane using the geometric centroid
of the true contact area calculated using image processing algorithms (see Section 3.1.3). Spatial
histograms of the asperity distributions are shown in the margins and discretized into a grid of 2
mm and 0.5 mm along the x- and y-directions for visual aid. Figure 6.1(b) shows the precursory
(foreshock) seismicity in the ‘relatively locked’ region of the fault (from x = 150 to 300 mm). This
region is defined as the seismogenic region and is the primary focus of our contact measurements
obtained from the pressure sensitive film.
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Figure 6.1: (a) Asperity contact area at various levels of normal force Fn, measured using the
pressure sensitive film. Spatial histograms of asperities larger than 0.04 mm2 are shown on the
x- (discretized into 2 mm sections) and y- (discretized into 0.5 mm sections) margins. (b) Full
foreshock catalogue from the seismogenic section of the fault (x = 150 mm to 300 mm). Sizes of
foreshocks (green circles) are proportional to the peak ground displacement (see Section 6.4)
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6.1.2 Macroscopic contact properties over multiple asperities

Using the pressure sensitive film we examined the number of asperities N formed in the seis-
mogenic zone under various far-field normal loads Fn. We calculated the total reactive normal force
Fr supported across the asperities in the seismogenic region (gray region in Figure 6.1(b)). The total
reactive normal force Fr balancing the normal force in the seismogenic region was calculated by
summing the reactive force on each ith asperity,

Fr =
N∑
i=1

σ̄i ·Ai (6.1)

where σ̄i is the average normal stress and Ai is the area calculated using the post-processed pres-
sure film. Figure 6.2(a) shows the linear trend between the number of asperities N (blue circles)
and reactive normal force (N = 0.6582 · Fr). The real contact area in the seismogenic region, i.e. Ar
=
∑N

i=1Ai, increased at 0.059 mm2 per Newton of increased normal force (R2 = 0.999). The mean
asperity area was calculated by dividing the real contact area by the number of asperities: i.e 〈A〉
= Ar/N . We observed growth of 〈A〉 as the total reactive normal force was increased (blue squares
in Figure 6.2(b)). The average asperity normal stress remained relatively constant 〈σ〉 = Fr/Ar ∼
16.53 MPa and insensitive to the normal force (green triangles in Figure 6.2(b)).

We can quickly examine our interface in the context of the Greenwood-Williamson (GW)
model [78]. Using the model we see the expected relationship that the real contact area Ar is
proportional to the normal load and independent of the nominal contact area A0, which also sat-
isfies Amontons second law (see Section 1.4). The average contact radius ā2 = 〈A〉 /π increases
with the level of applied normal force. The average normal stress remained relatively constant
suggesting that growth in average asperity area was likely due to local ‘plastic flow’. Using the
pressure sensitive film, we measured the plastic flow pressure Pf , or indentation hardness, in two
independent ways. If asperities form plastically, the linear relationship between the real contact
area and normal force can be used to determine the bulk flow pressure Pf [see 18] and is given as:

Ar ' (1/Pf ) · Fr. (6.2)

We can apply equation (6.2) using the results in Figure6.2(a), i.e. Ar = 0.059 · Fr. The flow
pressure is estimated at Pf ∼ 16.95 MPa and is almost identical to the constant average asperity
normal stress (〈σ〉 ∼ 16.53 MPa) seen in Figure 6.2(b).

Plastic asperity formation is an underlying assumption in most geophysical studies [e.g. 59];
however, we also see evidence of other contact processes – not simply plastic flow on the asperi-
ties. This becomes apparent when we examine normal stress distribution on individual asperities,
as shown in Figure 6.3. While bulk features of asperity formation appear to form plastically, at
the flow pressure Pf described by the relationships in Figure 6.2, we would expect constant nor-
mal stress across individual asperities. This is not the case; as seen from Figure 6.3, the normal
stress varies on individual asperities, which complicates our initial plastic understanding. The
manner in which normal stress is supported across a foreshocking asperity may determine the
radiated seismicity if the shear strength of the asperity is related to the normal stress as described
by adhesive friction theory.
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Figure 6.2: (a) Changes in the number of asperities N (blue circles) and real contact area Ar (green
stars) as the reactive normal force Fr increased within the seismogenic region (x = 150 to 300 mm).
Reactive normal force was calculated using equation (6.1). (b) Changes in the mean asperity size
〈A〉 (blue squares) and mean asperity normal stress 〈σ〉 (green triangles) as the reactive normal
force Fr in the seismogenic region was increased.

6.1.3 Local contact properties over individual asperities

The size and location of the asperities formed during the initial contact between the slider
block and base plate are shown in Figure 6.1(a). Figure 6.3 shows a section of the interface (x =
270 to 290 mm, y = -2 to 6 mm) for two different far-field normal forces (Fn = 4400 N (top) and
2700 N (bottom)). The inset of each image shows an enlarged view of a few asperities at the two
different load levels and the manner in which asperities grew with the application of normal force.
As highlighted in Figure 6.3, for each ith asperity we measured the (i) the full normal stress field
σi, (ii) the average of the normal stress field σ̄i, (iii) the asperity area Ai and (iv) the coefficient
of variation cvi = std(σi)/(σ̄i). Null normal stress conditions were prescribed for non-contacting
regions as per Persson et al. [148]. We examine individual asperity metrics from a seismogenic
section of the fault from x = 150 to 300 mm where precursor seismicity was observed.

For each ith asperity, we measured the normal stress field σi and found the scalar mean of the
normal stress field σ̄i (denoted with the over line) within the seismogenic region (x =150 to 300 mm).
Catalogs were created at the four levels of applied load Fn. Figure 6.4(a) shows the probability
density functions (PDF) of σ̄i for various levels of far-field normal force Fn. The average normal
stress level 〈σ〉was∼ 16.53 MPa and was also plotted. The number of asperities supporting lower
levels of normal stress (i.e. σ̄i < 〈σ〉) increased with an increase in the level of normal force Fn. The
asperities supporting higher levels of normal stress (i.e. σ̄i > 〈σ〉) did not vary significantly with
variations in Fn. It is evident that no single value of mean normal stress (i.e. Pf or 〈σ〉) is sufficient
to characterize the distributions of σ̄i on all asperities – as would be the case if the asperities
formed plastically. The heterogeneity described by the distributions suggests that asperities form
under more complex conditions (e.g. elastic or elasto-plastic). An increase in normal force Fn
appears to favor the development of asperities at lower than average normal stress levels.

In Figure 6.4(b) the variations in the mean asperity pressure σ̄i versus the size of asperities for
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Figure 6.3: Normal stress distributions recorded from the pressure sensitive film for a small section
(x = 270 to 290 mm, y = 6 to -2 mm) of the interface at a normal force Fn = 4400 N (top) and 2700
N (bottom). The inset shows how the asperities vary as the normal force Fn is changed over the
mature faulting surface. For each ith asperity, we measured the normal stress field σi (MPa), the
mean normal stress σ̄i (MPa), the asperity area Ai (mm2) and the coefficient of variation cvi.

each ith asperity are plotted. The color scheme is indicative of the applied normal force. Foreshock
source areas are estimated in Section 6.4.2; their spatial size was determined using Brune’s rela-
tionship [40] from the AE data. Source dimensions were inferred from the pulse-like time duration
of rupture determined from the P and S wave arrivals. The circular source radii of the foreshocks
translated into asperity areas and ranged from AFS = 0.14 to 3.73 mm2, which is highlighted by
the gray shaded regions in Figures 6.4(b) and (c). The relationship of asperity area versus the mean
normal stress formed a cluster of smaller asperities (A < 10−1 mm2) that supported lower levels
of normal stress ranging from σ̄i = 14.9 to 18.9 MPa. Smaller asperities were also more abundant,
making up ∼ 57 % of all ith asperities formed for all applied load levels. Larger asperities (A >
10−1 mm2) supported higher levels of normal stress ranging from σ̄i = 15.4 to 20.6 MPa.

A similar clustering of asperity sizes versus the coefficient of variation cvi is seen in Figure
6.4(c). Asperities with lower values than σ̄i showed a more uniform normal stress distribution (i.e.
lower coefficient of variation). Larger asperities tended to have a higher coefficient of variation,
which describes a higher degree of normal stress heterogeneity. Figure 6.4(c) indicates that both
large and small asperities exhibited a broad range of variation cvi. However, asperities smaller
than Ai < 0.14 mm2 had an average cvi ∼ 0.072 (7.2 %), while larger asperities Ai > 0.14 mm2 had
an average ∼ 0.133 (13.3 %).

Figure 6.4(d) examines the coefficient of variation cvi in terms of the average asperity normal
stress σ̄i, which is described by a linear relationship (R2 = 0.9017). The reason for the increased
dispersion on highly stressed asperities is due to the local contact processes of asperities formed
between the rough-rough interfaces; we will discuss this in more detail in a subsequent section.
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Figure 6.4: (a) Normal stress measurements taken from the seismogenic region of the fault (x = 150
mm to 300 mm) were compiled into a catalog for various levels of far-field normal force Fn. The
probability distribution function (PDF) characterized the normal stress field σ̄i. (b) Average mean
normal stress σ̄i on each ith individual asperity versus asperity size Ai. (c) Coefficient of variation
cvi on each ith individual asperity versus asperity size Ai. (d) Average mean normal stress σ̄i on
each ith individual asperity versus coefficient of variation cvi .

The predominantly larger asperities (Figure 6.4(b)) form along the interface by coalescing with
nearby asperities [see seminal work by Nayak, 133]. Asperities develop in a more convoluted
manner as shown when the normal force was increased (Figure 6.3). The inset views in Figure 6.3
show that at higher applied load levels the hatched asperity seems to grow towards the asperity
located just below it. Nayak’s theory of coalescing asperities describes larger asperities coalescing
with smaller asperities in the near field as the surfaces are pressed together with an increasing
normal load. This type of asperity growth may be the reason for the relationships between asperity
size, average normal stress and normal stress dispersion shown in Figure 6.4.
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6.2 Microscopy of asperity surfaces

As mentioned in Section 5.2.1, precursory seismicity was only observed along a mature fault
that has incurred an average cumulative slip >∼ 36.1 mm. Surface roughness is used as an in-
put parameter describing the random process models of two approaching rough surface in most
(if not all) contact mechanics models. Most contact models infer the real contact area Ar from
the roughness [146, 80, 145] and, although we directly measure this parameter with the pressure
sensitive film, we felt it would be important to measure this parameter independently.

6.2.1 Digital photography of undeveloped and mature surfaces

In Figure 6.5 shows photographs of the fresh (left panel) and mature (right panel) faulting
surface after cumulative slip > 36.1 mm. An isometric and top view of the interface is shown. No
experiments reported in this dissertation had unworn surface (left panels). The photographs were
taken using a Lecia light microscope equipped with a digital camera. In the isometric view we
see that large relatively flat sections were formed (see arrow). These surfaces show features (e.g.
striations in the direction of sliding) similar to rock in a natural environment.

Figure 6.6 gives a closer image of the top view of the mature fault surface from the right panel
in Figure 6.5. We used digital image processing [73, 114] to decompose the raw image into lu-
minous intensity I as explained in Sections 3 and 4. Worn surfaces appeared darker; this caused
the surface to become more translucent, reflecting less light back to the eye. PMMA is known to
become translucent when heated past its glass transition temperature [11]. Frictional heating of
the asperity may have lead to this change in surface appearance. Gouge and unworn surfaces
appeared brighter. Figure 6.6(b) shows the enhanced image for pixels above the light intensity
I > 0.3471; this highlights the gouge and unworn sections of the fault. Figure 6.6(c) shows the
image for pixels above I < 0.3471, highlighting mature flat sections of the fault. In both cases
higher luminous intensity is indicated by hotter colors. Details A and B show the high and low I
images near a large flat section. It may be that the fault ‘smears’ during the wearing process due
to friction. There appears to be deposits of gouge material (I > 0.3471) after the flat surface (I <
0.3471) in the direction of slip (see arrow in Figure 6.6 Detail B). Even though the fault was cleaned
between each suite of experiments using pressurized air (at∼ 60 psi) this gouge was solid and ap-
peared crystalized, which can be seen better under higher magnification (see Section 6.2). Making
a photographic record of the surface was crucial in driving this study to examine the roughness
in greater detail; precursory seismicity must be controlled by these features and is the result of
frictional processes in our experiments.

6.2.2 Optical profilometery

After the sequence of tests was performed (postmortem analysis), the slider block sample was
examined using optical microscopy techniques. Figure 6.7(a) shows a typical asperity located at
x ≈ 235 mm and y ≈ 5.1 mm on the slider sample using dark field illumination with an optical
magnification of X 25.2. The asperity surfaces appeared flat on top as seen in the images pre-
sented in Figure 6.5), most likely due to wear processes that occurred during the preparation of
the mature surface. We note that this asperity image was taken from within the seismogenic region
shown in Figure 6.1(b). While we cannot be certain that this asperity was itself responsible for a
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Figure 6.5: Isometric and top views of a fresh (left panel) and mature (right panel) faulting surface.
We see that the mature faulting surface wears leaving ‘flat-topped’ asperities.

foreshock, we feel it is important to study surface roughness along the highly worn surfaces to
better understand how asperity contact may have formed in this region.

At higher magnification interesting features were observed reminiscent of asperities on rock
faults such as visual striations that align with the direction of slip and what appeared to be slicken-
sides over portions of the asperity. A small section (256 µm x 196 µm) on a flat, translucent potion
of the surface was analyzed using optical profilometry (ADE MicroXAM-100 Optical Profilome-
ter). The results are shown in Figure 6.7(b). Transects of the roughness profile along slip (blue) and
normal to slip (purple) are shown in Figure 6.7(c). The Hurst exponent H was calculated using
the square of the modulus of the Fourier transform P (k) [149, 43, 44]. In this study, we calculated
Hpar (along slip) and Hper (normal to slip) using

P (k) ∝ k−(1+2H) (6.3)

where k is the wavenumber. To reduce noise associated with individual profiles, the spectrum
was calculated by stacking all 1-D Fourier transforms. We observed noise from the experimental
facilities at higher wave numbers and only used wavenumbers below k ≤ 5·105 µm−1 in each
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Figure 6.6: (a) Raw image of the mature faulting surface. (b) The image was converted to intensity
I [114] and lighter pixels (0.3471> I >1) captured gouge and untouched surfaces. (c) Darker
images (0> I ≤ 0.3471) were more indicative of a mature surface. Details A and B show dark and
light pixels, respectively, enlarged for a prominent flat surface from the wearing process.
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direction. The Hurst estimate of the roughness profile was taken on the flat, worn surfaces of the
sample that were large enough to fit the window taken using the ADE MicroXAM-100 Optical
Profilometer (i.e. minimum 256 µm x 196 µm). Linear regression was used to fit the log-log data
between length scales of 5 µm to 196 µm in both normal to slip and along slip directions. Figure
6.7(d) shows the stacked Fourier power spectrum with estimates of Hpar = 0.222 (along slip) and
Hper = 0.324 (normal to slip).

Figure 6.8(a) gives measurements from the Nanovea PS50 Profilomter of a 25 mm x 12 mm
section of the fault within the seismogenic region. Transects A and B are drawn through the lower
(y = -4 mm) and upper (y = 4 mm) section of the fault, respectively. Figure 6.8(b) shows the
probability density function (PDF) for the surface height for the entire surface shown in Figure
6.8(a). We note that the PDF is not Gaussian and seems to be display some skewedness. We
assume that the PDF is isotropic (direction independent) but, as seen in Figure 6.7(d), there may to
be some differences in the Hurst exponent (at least a short wavelengths), which we have attributed
to the wearing process; this possible anisotropy of the PDF needs to be investigated in more detail
in future studies. Figure 6.8(c) shows the height profile for the two transects A and B in Figure
6.8(a). We see that along the y = 4 mm Transect B the surface has wider, flatter surfaces that in
the lower y = -4 mm Transect A. Transect A and B had RMS roughness of 4.85 µm and 5.31 µm,
respectively. The smoother surfaces were also the region where larger foreshocks were observed
(see Figure 6.1(b)).

In Figure 6.8(d) a small section from the upper Transect B was examined. The Hurst exponent
was again calculated but for length scales that spanned the ‘valleys’ observed between the ‘flat-
topped’ sections of the surface. We analyzed the Fourier Power Spectrum (FPS) between length
scales of 5 µm to 780 µm and found that the Hurst roughness estimate increased to Hlow = 0.595
(Figure 6.8(b)). The increase in the Hurst roughness exponent is attributed to the low-frequency
content from the average height h (i.e. distance from the ‘flat-top’ to valley) of the asperities. The
effect of surface roughness on the manner in which asperities are formed has been studied [78, 133,
80, 16, 160, 145]; these features may play an important role in determining how resistive a patch of
asperities are to shearing when perturbed with a slowly growing nucleation front. The increased
number of ‘flat-topped’ sections, measured on the upper (y < 0) portion of the seismogenic zone,
may be a prerequisite for the generation of foreshocks in the preparatory phase. In Section 8, we
discuss the necessary conditions for the spontaneous generation of localized rapid sliding the at
asperity-level (foreshocks) with additional insight gathered from the both the pressure sensitive
film and the roughness measurements presented here.

6.3 Non-contact slip sensors

6.3.1 Spatial slow slip distribution along the fault

Figure 6.9(a) summarizes the fault asperities for a normal load of Fn = 4400 N and the locations
of the slip sensors (NC1-NC7). The time at which slow slip transitioned to rapid sliding (tfail) was
defined as the point at which the local slip rate breached Vthresh (= 4 mm/s) at any slip sensor
during the loading cycle. Figure 6.9(b) shows the spatio-temporal profiles of slow slip along the
x-axis at 1 second intervals leading up to tfail (thick blue line). A piecewise cubic Hermite shape-
preserving interpolation scheme [71] was used to calculate the slip profiles (black lines) across the
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Figure 6.7: (a) Optical microscopy images of an asperity, on the slider block surface, located in
the highly seismogenic region of the fault (approximately x = 235 mm and y = 5.1 mm) after the
suite of experiments were performed. The image was created by stitching together four sub-
images. We see evidence of features similar to geological features on natural faulting surfaces
[44], such as striations and slickensides. (b) Optical profilometery measured 2-D surface profiles.
(c) An example of the height profile along transects in the direction of slip and normal to slip. (d)
Fourier power spectrum P (k) of the stacked 1-D profiles in the direction and normal to slip on
the interface. The Hurst estimate H (equation (6.3)) was used to measure the self-affinity of the
surface in both directions (Hpar and Hper).
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on just the ‘flat-top’ features seen in Figure 6.7.
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sensors attached to the upper surface y > 0 (NC1, NC3, NC5, NC6 and NC7) at 100 mm separation
distances.

Figure 6.9(b) and 6.9(c) show the slow slip accumulation along the fault for two levels of nor-
mal load (Fn = 4400 N and 2700 N) and two stick-slip events (SS2 and SS3), respectively. SS1 did
not display any foreshocks and their slow slip profiles are not shown. Slow slip profiles along the
fault at tfail - 50 s or tfail - 25 s before failure is shown as the thick red line. Accumulation of slip at
different locations on the fault can be easily visualized: (i) sections of the fault that showed more
compressed slip profiles indicate a relatively locked section of the fault and (ii) increased spacing
between subsequent slip profiles indicated accelerating slip.

Slow slip initially accumulated relatively uniformly along the fault. This can be seen by the flat
(low spatial slip gradient) red lines in Figures 6.9(b) and 6.9(c), which represent the slip profiles
at 50 s and 25 s before failure, respectively. Over time (loading continues) the gradient becomes
larger at the side near the thrust; the amount of gradient depends on the normal force Fn. The
amount of slip across the fault forms an elbow with time and flattens out between 100 mm to 200
mm past the loaded edge, depending on the normal load. An example of the ‘elbow’ is shown for
SSE 3 at Fn = 4400 N in Figure 6.9(b). As time to failure decreased, (i) the level of slip gradient
(between the TE and LE) increased and (ii) the ‘elbow’ propagated away from the trailing edge
(TE) into the region containing a more dense distribution of asperities (Figure 6.9(a)). We refer
to the more densely distributed asperity region as the ‘relatively locked’ section of the fault. We
estimated the speed at which the ‘elbow’ propagated into the relatively locked section by taking
the approximate location of the ‘elbow’ at failure, we then assumed it began at the loading point
edge and took 25 s or 50 s (depending on the normal load Fn) to propagate to the locked section.
The estimates of the average ‘elbow’ propagation speed are shown as the dashed magenta lines
depicted on the slip profiles at time tfail (blue lines) in Figure 6.9(b). The location of the ‘elbow’
was used to define the location of the rupture tip of the nucleation region (Section 1.3.1); the sud-
den breakdown of shear stress behind the rupture tip resulted in an increase in slip as described
by the slip-weakening model.

The average speed at which the rupture tip (or breakdown tip) moved into the relatively locked
region ranged from 2 mm/s to 9.5 mm/s over the last 25 to 50 seconds before failure, and was
dependent on the normal confining force Fn. At higher Fn, the breakdown tip did not penetrate
as far into the locked region and moved at a slower speed than that measured at lower normal
confining loads. Detail A in Figure 6.9(b) shows the increased detail used to estimate the location
and propagation speed of the ‘elbow’. Estimates show that the tip progressed ∼ 100 mm to 150
mm away from the TE at speeds between∼ 1 mm/s – 3 mm/s for higher Fn and∼ 150 mm to 200
mm away from the TE at speeds between ∼ 6 mm/s – 9.5 mm/s for lower Fn.

Examining the measured slip profiles at failure (tfail) for the events shown in Figure 6.9(b) and
(c), we can see that the gradient in slow slip along the x-direction increased (δ) with additional
confining normal force Fn. The gradient in slip profiles (∂δ/∂x) at failure due to higher Fn would,
by definition, result in a proportional increase in the strain ε and the amount of locally stored
strain energy. We examine the effects of strain energy (and its release with slip) and the resulting
effects on the development of foreshocks using the numerical study presented in Section7.
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sensors at times 25 s to 50 s before gross fault rupture (tfail). (a) Contact estimates along the fault
and locations of the slip sensors with respect to the upper (y>0) and lower (y<0) surface. (b)
Interpolated slow slip data from upper surface (black) for the 50 s before rapid sliding for the
stick-slip events SS2 and SS3 at Fn = 4400 N. (c) Interpolated slow slip data from upper surface
(black) sensors for 25 s before failure for the stick-slip events SS2 and SS3 at Fn = 2700 N. Esti-
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the velocity measurements shown in magenta. The increased detail shown in Detail A is used to
better estimate elbow location and propagation speed.
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6.3.2 Shear strain approximation from slow slip measurements

Premonitory slip was observed in all experiments but the amount varied dependent on the
normal force Fn (see Figure 6.9). The difference between premonitory slip at the leading edge,
NC1 (x = 0 mm), and trailing edge, NC7 (x = 400 mm), was used to calculate the mean shear strain
εs along the fault when normalized by the fault length L = 400 mm [167]: i.e.,

εs =
δ(x=400 mm) − δ(x=0 mm)

L
=
δL − δ0
L

. (6.4)

Figure 6.9 shows an increase in shear strain across the fault with increased Fn; the fault had in-
creased shear stiffness which increased its ability to accommodate premonitory slip. We attribute
this to the creation of additional asperities and an increase in the size of preexisting asperities (see
Figure 6.2).

From the slow slip data shown in Figures 6.9(b) and (c), breakdown of shear stress begins at
the trailing edge (TE) as more slip accumulates in this region leading up to failure. We observed
a slowly propagating slip front which grew between ∼ 1 mm/s to 9 mm/s into the central region
of the fault – a region with a large clustering of asperities (Figure 6.9(a)). The amount of slow slip
increased as the normal force Fn increased, as did the gradient in slip along the x-direction. From
Figures 6.9(b) and (c) we see that the leading edge (LE, x = 0 mm) experienced similar amounts
of slow slip at all load levels while the trailing edge (TE, x = 400 mm) experienced more slip at
higher normal confining loads. Using equation (6.4) we found εs was ∼ 4.52 x 10−5 at Fn = 4400 N
and decreased to ∼ 2.41 x 10−5 at Fn = 2700 N.

6.4 Piezoelectric AE sensors

6.4.1 Foreshock size versus applied normal force

Figure 6.10(a) gives details of the acoustic emission (AE) measurements for foreshocks ob-
served from PZ6 during the loading cycle for the third stick-slip event (SS3) at all four normal
load levels. Only the largest foreshock was plotted within each sequence. In general, we observed
a dependence between the foreshock size, measured as the peak ground displacement (PGD is
described in Section 5.2.3), and applied normal stress: for larger applied loads, we noticed an in-
crease in the size (PGD) of the foreshock. In foreshock sequences at higher normal loads we still
observed small foreshocks, but the numerical model (Section 7) offers an explanation for the po-
tential of larger events due to the fault’s ability to locally store more shear strain energy adjacent
to larger asperities. Figure 6.10(b) shows the peak ground displacements (PGD) of all foreshocks
observed during the preparatory phase for their respective normal load Fn.

6.4.2 Foreshock source radius

We use Brune’s relationship [40, 39] to estimate the source dimension for individual foreshocks.
The corner frequency of the radiated seismic energy was used to calculate the source radius R0 of
the given event using the relationship:

R0 =
2.34β

2πf0
(6.5)
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Figure 6.10: (a) Actual waveforms of the largest foreshock in the SS3 sequences (for all normal load
levels), recorded from AE sensor PZ6. (b) Total catalogue of foreshocks size PGD with respect to
normal force Fn

where β is the shear wave velocity of PMMA (1390 m/s), f0 is the corner frequency given in
kHz, and R0 is the source radius in mm. The elasto-dynamic energy released, due to local rapid
sliding on a single asperity, occurs over a finite time t0 and is observed as foreshocks. The width
of the S wave pulse, in Brune’s relationship, describes the duration of the moment rate function
and this can be used to approximate the corner frequency f0. We used the duration of the first
S wave pulse to determine the rupture duration t0 whose inverse is approximately the corner
frequency f0 (i.e. f0 ∼ 1/t0 [122]). Rupture duration ranged from 0.4 µs to 2.1 µs for the total
catalog of 68 foreshocks. The source radii ranged from R0 ∼ 0.21 mm to 1.09 mm according to
the Brune relationship (equation (6.5)). These estimates of source radii are similar to the actual
measurements provided by the pressure sensitive film (Figure 6.1(a)) which ranged from Rfilm ∼
0.06 mm to 1.25 mm. From the Brune relationship in (6.5) we can evaluate the corner frequency
f0 as a function of the circular asperity radius: i.e. f0 = 2.34β/ (2πR0) According to the Brune
relationship, the range of asperity radii recorded from the film Rfilm ∼ 0.06 mm to 1.25 mm may
result in small earthquakes with corner frequencies ranging from ∼ 414 kHz to 8.6 MHz if the
asperities were to fail dynamically. The smaller asperities (R0 = 0.06 mm) fall outside of the flat
broadband range of our acoustic sensors (100 kHz – 2.5 MHz) and we are therefore limited to
observing asperity failure with minimum source radii of R0 ∼ 0.21 mm.
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6.4.3 Foreshock spectral response

Figure 6.11(a) shows the S wave arrival from the largest foreshock along the interface. We
see the peak ground displacement (PGD) occurs as the S wave passes the sensor, which is to be
expected [3] at these hypocentral distances. We take advantage of the absolutely calibrated nature
of the AE sensors between the frequencies of∼ 5 kHz to 2.5 MHz [116]. The displacement spectral
density was calculated for the S wave arrival using the fast Fourier transform algorithm [35] in
MATLAB. The time domain of the signal is shown in Figure 6.11(a) and the spectral density in
Figure 6.11(b) (black lines in both plots). The time domain signal was 190 µs (1900 samples),
windowed starting at 20 µs after the P wave arrival. The windowed data was enveloped by a
Blackmann-Harris window of the same length. Frequency content of the noise (black dots) was
calculated using the signal 190 µs (1900 samples) long and centered 100 µs before the P wave
picks given by equation (5.1). The noise spectrum was also enveloped using a Blackmann-Harris
window of the same length.

The classical theory of seismic radiation from an earthquake source is based on the model of
shear dislocation. In Brune’s model [40, 22], the source occurs on a circular patch (in our experi-
ment this is assumed to be the interfacial asperities) and shear displacement on the dislocation is
given as

u(t) = u(∞)

[
1−

(
1 +

t

χ

)
e−t/χ

]
, (6.6)

where χ is the parameter governing the speed of the dislocation displacement from initial to final
value u(∞). This leads to a low-frequency spectral plateau related to the corner frequency by,

Ω(f) =
Ω0S

1 + (f/f0S)2
· Exp

[
−π · ·Rss

VsQs
· f
]

(6.7)

where Rss is the source to sensor distance, Vs is the shear wave velocity of PMMA, Qs is the
non-dimensional quality factor in PMMA (representative of intrinsic attenuation effects). From
McLaskey [118], the quality factor of PMMA is Qs = 80. The source to sensor distance was calcu-
lated as the Euclidian distance once the foreshock was located (see Section 5.2.3). The values of
Ω0S and f0S were fitted to the displacement parameter between the frequency ranges shown in
Figure 6.11(b). The seismic moment can be calculated from

M0s =
4πρ (Vs)

3RssΩ0S

FsRf
(6.8)

where ρ is the PMMA density, Fs is the S wave radiation coefficient for a shear source (=0.63 from
Das and Scholz [56]). Given that the sensors are coupled to a free surface, a correction was made
for free-surface amplification (Rf ) following Aki and Richards [3].

In the previous section, the assumption is that f0 ≡ 1/χ and using this we can estimate the
source sizes. Here we elaborate on this assumption and use equations (6.6) – (6.8) to estimate, from
the seismic radiation, the seismic moment and moment magnitude generated from the asperity
failure. By hand fitting, we can see that the corner frequency was f0s = 375 kHz and seismic
moment M0s = 1.8 Nm (Mw = -5.9). We note that the experimentally measured spectral decay
falloff was f−2; following the classical theory of seismic radiation, this suggests that sudden shear
dislocations of small laboratory asperities are similar to naturally occurring earthquakes.
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Figure 6.11: (a) Time domain of the S wave of a foreshock measured by PZ7. (b) Displacement
spectrum (black line) and noise spectrum (black dots) of the S wave in (a). The model described
by equation (6.6)–(6.8) is given by the gray curve.

This is the framework that should be implemented in future studies but there are some ar-
eas for concern with the measurements provided from the AE signals. The time domain signals
(Figure 6.11(a)) shows an offset (specifically at times 0 to 10 µs) that are not present in similar
laboratory AE studies that take advantage of the classical theory of seismic radiation defined by
equations (6.6) –(6.8) [122, 74]. From Aki and Richards [3], we know far-field terms describing dis-
placement at the sensors will be pulse-like following the moment-rate function (i.e. proportional
to the derivative of equation (6.6)). Near-field terms will have a shape similar to the moment
function (i.e. proportional to equation (6.6)) and will create a permanent offset at the sensor. The
near-field term adds low frequency content to the signal, which increases the estimate of Ω0S . It is
likely that the seismic moment of this source is in actuality smaller than the estimate provided by
equation (6.8). Near-field terms may provide information about the stress states (or shear strength)
along the asperity as rapid breakdown occurs but this requires finite fault rupture modelling [e.g.,
54, 55, 28, 153].

6.4.4 Spatio-temporal distributions of foreshock sequences

All the foreshocks were constrained to the seismogenic region shown in Figure 6.1(b). Figure
6.12 shows foreshock sequences recorded during the second stick-slip event (i.e. SS2) described in
section 5.2.1. Figure 6.12(a) shows the slip (solid black) and slip rate (gray) measured from each
slip sensor for all four load levels during SS2. The time history of the slip signal is differentiated
numerically to obtain the slip velocity. The pulse characterized the shear rupture accelerating then
decelerating along the interface; a process that took ∼ 4–6 ms. Once the fault decelerated, new
populations of asperity contacts were formed along the interface. Full rupture was also measured
acoustically, using the low sensitivity PZ15 AE sensor (light gray). These measurements are given
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in voltage since the low sensitivity AE sensors had not been absolutely calibrated. Foreshocks
were determined using the high sensitivity AE array (PZ1-PZ13) and their timings are plotted
in Figure 6.12(b). Figure 6.12(a) shows only the foreshocks close to the main shock while Figure
6.12(b) shows the full foreshock catalog. No foreshocks were observed for SS2 at Fn = 2700 N and
the reasons will be discussed in the section 6.4.7.

6.4.5 Foreshock recurrence rates

Figure 6.13(a) examines the timing of foreshocks from each SS (see legend on top right). In
general, time between foreshocks decreased as the main shock drew closer, an observation that
has been made in the field [93]. In tests Fn = 4400 N SS3 and Fn = 3400 N SS3 foreshock sequences
began at upwards of 10 seconds prior to the mainshock. In all other tests, the locatable foreshocks
(described in the next section) began at times of 1 s or less before the impending main shock.

6.4.6 Foreshocks distance in relation to main shock

Figure 6.13(b) shows the foreshock distance to the mainshock (Lm) in relation to the timing of
the main shock for each sequence of foreshocks. Recent studies propose that the main shock (or
subsequent foreshocks) may be triggered by foreshock after-slip which propagates in a diffusional
manner from the hypocenter of the foreshock [5, 183]. In nature, post-seismic transients can result
from processes associated with time-dependence such as viscoelasticity, creep and poroelasticity
[14]. If post-foreshock transients are present in our experiment, these would only be caused by
the fault creep (i.e. visco-elastoplastic deformations). Ando and Imanishi [2011] studied the 2011
earthquake in the Pacific Coast of Tohoku, Japan, and found that after-slip propagated away from
the foreshock following the relationship:

Lm = (DT )1/2 (6.9)

where T (seconds) is the event occurrence time and Lm (mm) is the distance of migration, and the
constant D (mm2s−1) is a coefficient identified with underlying diffusional processes. The basic
hypothesis is that after-slip from individual foreshocks propagate away from the source and slows
down (in a diffusional manner). The main shock (or subsequent foreshocks) is then triggered
when the diffusional wave reaches the main shock hypocenter. We do see, in some cases, that
subsequent foreshocks can occur along a diffusional line: e.g. the final two foreshocks in the Fn =
4400 N SSE3 along the D = 104 mm2s−1 diffusion line. While there seems to be little correlation,
in field studies conclusions of diffusional slip triggering the main shock have been found from
so few as one or two large foreshocks beforehand [5, 183] and the migrating swarms of smaller
earthquakes. While diffusional slip may trigger subsequent foreshock (or main shock), the general
disorder observation suggests that more processes are driving foreshocks.

6.4.7 Non-located foreshocks and additional seismic activity

The foreshock sequences described in Figure 6.12 (and Figure 8 from Selvadurai and Glaser
[166]) are comprised of 68 total foreshocks over 8 full ruptures. Figure 6.14 details the raw AE sig-
nals from sensors PZ5-PZ7 directly below the central region for SS2 at Fn ∼ 2700 N (0 foreshocks)
and SS2 at Fn ∼ 2000 N (9 foreshocks). The foreshocks are indicated by the green lines. The arrival
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Figure 6.12: Spatio-temporal distributions of foreshocks during SS2 at various normal loads Fn.
(a) Slip (black) and slip rate (gray) measurements calculated from displacement transducers prior
to and during the rapid sliding phase and AE signals (light gray) of gross fault rupture captured
using the low sensitivity sensor PZ15. Foreshocks (red arrows) and main shock (MS, magenta
arrow) are shown for a window of∼10 ms before rapid slip. In most cases, the foreshock sequences
began before this time window and the red fraction indicates the amount of foreshocks visible in
(a). (b) Full foreshock sequences during SS2. The color code highlights the temporal evolution of
the sequence (from blue to red) and the main shock hypocenter location is the star. Foreshocks are
shown as circles with sizes proportional to Peak Ground Displacements (PGD).
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picking algorithm (equation (5.1)) detected additional events during the test (black circles). These
events were very small in amplitude (see details A and B in Figure 6.14) and presented impulsive
P- and S-wave arrivals similar to the larger events. The location algorithm, however, was unable
to locate them due to the lack of manifestation over a sufficient number of sensors. These signals
were referred to as ‘foreshocks [which were] detected only’. (This lack of signal strength was most
likely due to the amplitude attenuation in PMMA.) For all 8 gross fault ruptures, the number of
events that could not be accurately located was 85 for PZ5, 59 for PZ6 and 133 for PZ7. This gives
an indication of the variations in local activity at the leading and trailing edge of the seismically
active region. PZ7, which was located at the trailing edge of the ‘locked’ region, accounted for ∼
49% of the increased activity, while the central (PZ6) and leading edge (PZ5) sensors comprised
21% and 30%, respectively. We did not study these signals in great detail but they may be similar
to swarm-like foreshocks noted on natural faults [96, 183, 37, 123]. We believe that more focus
should be given to these signals that seem to exists near the edge of the nucleation zone. In future
studies, these precursory seismicity signals could be studies by increasing the number sensors
near the nucleation region tip (better locating constraints) or possibly reducing the thickness of
the base plate (reduced attenuation of the signal).

6.4.8 Asperity interactions during slow slip phase

We used photometry to observe light changes along a small portion of the fault during the
premonitory phase. The photometric results presented here were from experiments detailed in
Selvadurai and Glaser [167] and performed before the results described in Section 4. These novel
observations and potential importance for our understanding of the mechanisms controlling fric-
tion due to asperity level interactions [personal communication with Allan Rubin] is the reason for
the inclusion of this result here.

While the visualization of asperities under normal loads is not a novel technique [63, 64],
doing so under combined normal and shear loading (as in this experiment) is a relatively new
development [132]. Figure 6.15 shows photographic frames taken from the slip-deprived region
during the slow loading phase. At failure, the camera image becomes blurred due to the rapid
motion along the interface. The first blurred frame was called the ‘tfail – 0 frame’ (Figure 6.15(d)).
Figures 6.15(a), (b) and (c) represent images taken 300, 60 and 6 frames before the first blurred
image. Images were converted to luminous intensity as explained in Section 4. The unmagnified
image contains the interface (blue region) as well as portions of the base plate that reflect incident
light from the room (appearing red). Magnifying the interface, we observe small bright spots that
are indicative of asperity contact.

Using the photographic technique, Selvadurai and Glaser [165, 167] have begun to study the
concomitant light changes and foreshock signals emanating from similar regions on the fault, be-
tween subsequent frames measured. Here the large asperity shown in the 20X magnified image is
examined; the light intensity transmitted across the asperity decreased as failure drew closer (be-
tween Figures 6.15(c) and (d)). These images were not converted to normal stress; although they
are presented here and are not meant for any quantitative analysis. We observed: (i) the larger as-
perities transmitted light relatively constantly for a large portion of the slow slip cycle and (ii) the
light intensity decreased along the periphery of the large asperity as imminent failure approached.
Using this information, we attempted to develop a numerical model that can captured these two
phenomena.
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Chapter 7

Partial slip asperity model

7.1 Background and motivation

Finite element (FE) modeling was performed using the implicit commercial software ABAQUS
[1] to improve our understanding of the frictional response of an asperity population affected by
the transition from slow to rapid sliding on the fault. The numerical model used the experimen-
tally determined asperity sizes and locations from Fn = 4400 N in Figure 6.1(a)) to prescribe the
geometric heterogeneity of the FE model. Asperities behaved as described by the partial slip
asperity in Section 1.4.4. The reasoning behind implementing this contact model was from the
observed similarities between transmitted light across the asperity as failure drew closer (Figure
6.15) and the shrinking ‘partially-stuck’ surface that was due to increased tractions on the asperity
(see equation (1.17) and Figure 1.6(b)).

This partial slip asperity model within the FE framework enabled us to calculate heteroge-
neous slip distributions from a section of the fault where an experimentally observed nucleation
front migrated into a ‘relatively locked’ section of the fault (Figure 6.9). We first studied the con-
stitutive traction-slip relationship of a single frictional asperity within the framework of the FEs.
We then modeled the interactions of multiple asperities (172 total) whose geometry and locations
were prescribed by the pressure sensitive film. Our numerical study focused on the transient evo-
lution of slow slip heterogeneity in relation to the applied normal stress within a small central
section (x = 182.5 to 257.5 mm) of the fault. An understanding of how slow preslip accumulates
may provide insight into the spatio-temporal foreshock distributions observed experimentally.

7.2 Single asperity response

7.2.1 Geometry and boundary constraints

Figure 7.1(a) shows the finite element domain which consisted of two areas: an elastic region
(slider = 10a×10a×10a) and a rigid base. We assumed a frictionless response, i.e. zero traction (τ =
0), for the interfacial region outside the circular asperity patch with radius a. Boundary conditions
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along the interfacial surface are given in cylindrical coordinates (r2 = x2 + y2) as follows:

σzz (r, θ, 0) = −p; r ∈ (0, a) ; θ ∈ (0, 2π) ;

σxz (r, θ, 0) = 0; r ∈ (a,∞) ; θ ∈ (0, 2π) ;

σyz (r, θ, 0) = 0; r ∈ (a,∞) ; θ ∈ (0, 2π) ;

(7.1)

where the pressure p is applied from the rigid base plate to the elastic slider region. The elastic
region was prescribed a Young’s modulus E and Poisson’s ratio ν applicable to PMMA (Section
2.4). The analysis was performed in the following five steps: (i) the elastic region is brought
into perfect/mated contact with the rigid base, (ii) a pressure p was applied within the circular
boundary which simulated the pressure transferred normally between the contacting asperities,
(iii) a far-field displacement boundary condition was applied in the x-direction at the top surface
(z = 10a), and (iv) the side surfaces of the elastic region (Figure 7.1(a)) were prescribed traction
free boundary conditions. The displacement boundary condition was applied in steps (∆step) of 1
micron from 0 to 100 µm and can be expressed as

ux (x, y, 10a) = ∆step;

x ∈ [−5a, 5a] ;

y ∈ [−5a, 5a] ;

∆step ∈ 0, 1, 2, 3, . . . , 100µm.

(7.2)

7.2.2 Constitutive relationship for a single partial slip asperity

The elastic region was modeled as a classical Hookean isotropic elastic medium [177, 57, 13].
A total of 115,695 linear tetrahedral elements (C3D4) were used to model the elastic region. The
incremental elastic strains are given by equation (3.1). Contact elements were given two types of
constitutive responses. These relations, shown in Figure 7.1(b), accounted for the frictional shear
stress (τ ) response and are defined through the relative tangential slip (δ) and a shear stiffness
(ks). Elements interior to the asperity domain were given a Coulomb-type frictional response,
whereas the surrounding regions were maintained at zero frictional shear stress. The ABAQUS
code adopted a finite sliding computational algorithm to calculate the slip displacements occur-
ring along the interface. The relationship between the contact shear stress and relative shear de-
formation was

τ = ksδ (7.3)

for
τ < µσ∗, (7.4)

where σ∗ is the normal stress on the individual element and the shear stiffness ks = µσ∗/γcrit.
The local coefficient of friction µ (see adhesive theory in section 1.4.1) was chosen to be 0.5 and
the maximum elastic slip distance γcrit was specified to be a function of the characteristic length
of the element (length scale). In our model, maximum elastic slip distance (γcrit) was set to 0.005
times the element characteristic dimension (i.e. length scale of an element [1]). Asperities were
constrained to have 20 elements along the periphery. The maximum elastic slip distance was,
therefore, a function of the asperity size. Unloading a frictional element that had previously ex-
perienced sliding; i.e. the element observed a decrease in shear stress levels below the threshold



CHAPTER 7. PARTIAL SLIP ASPERITY MODEL 69

z

r a=

ux = Δstep

x

y

x

σzz = -p

Rigid base

Elastic region: G, ν
(10 x 10 x 10 )a a a

(a) Top surface

Asperity
(frictional)

Surroundings
(traction free)

0-0.02
0

20

40

60

80

100

10
-2

10
-1

10
0

10
1

10
2

0

1

2

3

4

F
(k

N
)

T
O

T

‘slip’

‘stick’

Slip at center of asperity ( m)μ

p = 90 MPa

p = 70 MPa

p = 50 MPa

p = 30 MPa

-0.04 0.040.02

asperity region

slip deficit

x-direction (m)

‘steadily sliding’partial sliding

u
x
  
y

z
x
(

,
=

 0
,

=
 0

) 
(

m
)

μ

(c)

(d)

= 100 mΔ μstep

σ = 0

σ = 0

σ σyz =xz = 0

σ = 0σ = 0

τ

δs

γcrit

τ

μσ*

(b)

δs

δres

Figure 7.1: Discrete quasi-static asperity calibration model. (a) A circular asperity was prescribed
a finite frictional relationship and the surroundings were frictionless. Normal pressure p (blue
arrows) was applied to the asperity followed by the quasi-static far-field displacements (red ar-
rows). (b) Constitutive frictional relations prescribed within the asperity (blue) and the surround-
ings (green). (c) Constitutive response for a circular asperity composed of 20 elements along its
periphery for various levels of normal stress. As the far-field displacement ∆step increased, so did
the total shearing force FTOT and the asperity experienced partial slip from its periphery to the
center. (d) Slip deficit caused by the asperity due to ∆step = 100 µm for a variety of applied normal
pressure.

given by equation (7.4), would allow for the retention of a residual amount of slip δres (Figure
7.1(b)). For simplicity, deformations experienced along the interface were constrained to move-
ments only along the interface (x- and y-directions) with out-of-plane deformations (z-direction)
were set to zero (i.e. no dilatation).

7.2.3 Results for calibration model

According to planar contact theory [46, 51, 50], when a shear force is monotonically increased
along the discontinuity, a circular asperity under a constant normal load experiences partial slip
beginning at the outer edge of the contact circle and propagating inward as the shear stress is
increased [46]. In Figure 7.1(c) contact elements initially remain unloaded and in a ‘stuck’ (red)
regime. As the far-field displacement (∆step) is increased, the total force supported by the asperity
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increases and, based on equation (7.4), when the element shear stress exceeds µσ∗, that element
enters a ‘sliding’ (green) regime. Due to the geometry and loading conditions on the asperity,
elements entered the ‘sliding’ regime from the periphery towards the center. Once all elements
had entered the ‘sliding’ regime, the asperity was considered to be in ‘steady sliding’ and a further
increase in the far-field displacement would not result in increased shear stress along the contact
region. We therefore defined the ‘partial sliding’ regime to be when an asperity had any element
that remained ‘stuck’. For Figure 7.1(c), slip at the center of the asperity was measured versus the
total shear force integrated along the fault. A total of four levels of pressure were applied and
the corresponding shear responses recorded. As expected, increased asperity pressure resulted in
increased asperity stiffness, similar to the potential energy that is stored in a spring. We measured
the energy stored by the asperity as the area under the curve in Figure 7.1(c). As the normal
pressure increased the potential energy stored by the asperity grew linearly. The asperity under p
= 70 MPa, 50 MPa and 30 MPa stored 77.17 %, 54.7 % and 32.5 %, respectively, of the energy that
could be stored by the asperity when subjected to p = 90 MPa. As an estimate for the validity of
the model, the total force supported in the ‘steady sliding’ regime was compared to the maximum
theoretical shearing force of a uniformly loaded asperity of radius a subjected to a squeezing
pressure p (i.e. µpπa2) which varied between 4.2 and 1.5%. Figure 7.1(d) shows the displacements
along the transect bisecting the contact region (y = 0 mm), at the final loading step (i.e. ∆step = 100
µm). At this step, the asperity had entered the ‘steadily sliding’ regime for each level of normal
pressure. The asperity caused a slip deficit due to its ability to support shear loads, both of which
increased as a function of the normal pressure.

7.2.4 Asperity size and shear response

The effect of asperity size is examined in this section and asperities with radii of r = 2.5 mm
and r = 0.25 mm are compared in Figure 7.2. The maximum elastic slip distance γcrit was 0.005
times that of the characteristic surface dimension and the coefficient of friction was µ = 0.5 for both
cases. Figure 7.2 shows the log-log result between the slip at the center of the asperity versus the
total shearing force FTOT . We defined the critical slip distance, Rc, as the amount of slip sustained
at the center of the asperity in order for it to enter the ‘steady sliding’ regime. Smaller asperities
experienced a scaled response to their respective applied pressures: (i) they accommodated less
shear force, (ii) they caused less slip deficit and (iii) they entered the ‘steady sliding’ regime at
lower levels of shear displacements.

7.2.5 Multiple asperity interface

The computational mesh used for the multiple asperity model is shown in Figure 7.3(a). It was
composed of 201,726 linear tetrahedral elements (C3D4). As in the calibration model, the interface
was not allowed to separate from the rigid base (not shown in Figure 7.3(a)). Shear stress along
the fault was increased by driving the far-field displacement (ux = ∆step) shown by red arrows
in Figure 7.3(a). The model had the same elastic properties as in the single asperity calibration
models (E and ν) and incremental strains were again computed using equation (3.1).

Information on the geometry and locations of asperities measured from the pressure sensitive
film was used in the model, specifically the distribution from Fn = 4400 N in Figure 6.1(a). A small
section from these asperity measurements was imported directly into ABAQUS. Individual asper-
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ities were given an ‘equivalent circular area’ representation. Due to computational constraints,
only a small section of the interface (dimensions L = 75 mm x W = 12.7 mm) was numerically
modeled. The off-fault distance in the z-direction was B = 100 mm. Pressure sensitive film mea-
surements of the initial contact distribution between x = 182.5 mm to 257.5 mm were used to define
the asperities in the computational model.

The interface shown in Figure 7.4(a) is composed of 172 circular asperities (black) surrounded
by the frictionless interface (white). Due to computational restrictions only larger asperities with
areas exceeding 0.2 mm2 were modeled. Simulations for a range of normal asperity pressures
were conducted (p = 50, 70, 90 MPa) where each asperity had the same prescribed pressure across
the whole interface. For each applied normal stress level, we were able to induce ‘steadily sliding’
conditions (i.e. no ‘stuck’ elements) by increasing the far-field displacement ∆step from 0 to 100
µm in 1 µm increments.

7.3 Numerical results

7.3.1 Local quasi-static transition from ‘stick’ to ‘slip’

Figure 7.4(b) shows snapshots of the quasi-static evolution of contact patches from stick (red) to
sliding (green) for various levels of far-field displacements (∆step) at a contact pressure p = 90 MPa.
These simulation are strictly quasi-static and we defined a transient portion of the simulation as
loading steps where any interfacial element remained in the stuck (red) state. Steady state was
defined when all elements on all asperities experienced pure sliding, i.e. satisfied equations (7.3)
and (7.4), discussed previously. Once the system had attained steady state, no changes in the
deformation gradient [177] were observed. This meant that any increase in far-field displacement
resulted in no change in the shear force and an increased in slip along the interface.

Locations and sizes of asperities were taken directly from the pressure sensitive film; smaller



CHAPTER 7. PARTIAL SLIP ASPERITY MODEL 72

a)

y

x

z

ux = Δstep

E, ν

y

x

z

B

L

W

b)

Asperities

Traction free

Figure 7.3: (a) The computational mesh and far-field loading conditions (ux) use to increase shear
stresses along the frictional interface. (b) The frictional interface with asperity sizes and locations
taken from the pressure sensitive film.

asperities occupied the lower (y < 0) section of the fault. From section 7.2.4, we know that smaller
contacts exhibit smaller critical slip distances, Rc, and these asperities entered a steadily sliding
regime before the larger asperities, which dominated the upper section of the fault (y > 0). For the
loading step corresponding to ∆step = 36 µm, the lower section of the fault had entered the sliding
regime while the upper section remained partially locked. At this time, the ‘locked’ upper section
of the fault was loaded by two mechanisms: (i) the increase in far-field displacement ∆step and
(ii) the increase in slip across the asperity populations along the lower section (described by the
contour lines in Figure 7.4(b)). As the far-field displacement increased, individual contacts in the
upper ‘locked’ region entered the steady sliding regime. The numbered asperities in Figure 7.4(a)
represent the ascending sequence of the last 10 asperities to enter the steady sliding regime as
the far-field displacement was increased. In this model, the spatial ordering did not align itself se-
quentially in the direction of shear loading due to the heterogeneity of asperity distributions (sizes
and locations) – a possible indication of the elastic, off-fault communication occurring between the
leading and trailing region of the asperity population shown here.
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Figure 7.4: Results from the multiple asperity simulation in which locations and sizes of asperities
were defined using the contact information obtained from the pressure sensitive film. (a) The
model consisted of 172 equivalent-area circular asperities along the interfacial region between x =
182.5 to 257.5 mm. The numbered asperities correspond to the final 10 asperities that transitioned
from partial to steady sliding in ascending order with increasing quasi-static step displacements.
(b) Results of the simulation calculated at a constant contact pressure of p = 90 MPa. Contour lines
define the displacement field at four far-field displacement steps (∆step).
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Figure 7.5: (a) Traction-slip relationship for the fault confined to the same normal stress but cycli-
cally loaded to ux = ± 100 µm (blue line),± 75 µm (yellow line) and± 75 µm (yellow line) (b) The
effect of normal stress (i.e. asperity pressure) on the traction-slip relationship for identical levels
of cyclical loading.

7.3.2 Bulk constitutive relationship for a population of asperities

The non-linear constitutive relationship between average shear stress τ̄ to average slip δ̄ is
discussed for multiple asperities that were examined during a cyclical loading cycle. The average
slip δ̄ was calculated as the average magnitude of slip between the x- and y-directions (i.e. δ̄2 =

δ̄x
2
+δ̄y

2) for every integration point along the interface. We assumed that there is no dilatation and
δz = 0. The average shear stress τ̄ was calculated as the average magnitude of tractions between
the zx- and yz-directions (i.e. τ̄2 = τ̄2zx + τ̄2yz) for every integration point along the interface.

The interface was loaded in a cyclical manner; the far-field was first displaced to ux = 75 µm,
then unloaded to ux = - 75 µm and, finally, re-loaded to ux = 75 µm by 1 µm increments per time
step. Figure 7.5(a) shows the relationship between average shear stress and average slip along
the fault for a nominal normal force (σ0 = 7.28 MPa) caused by an asperity pressure p = 90 MPa.
For the case where cycling occurs between ux = ± 100 µm (blue line), the slope of shear stress
with respect to sliding becomes zero (i.e. dτ̄/dδ̄ = 0) at the end of the first loading cycle. This
is indicative of ‘full-sliding’ conditions over the entire fault: i.e. all asperities along the interface
have entered sliding. The level of residual slip δres was increased when the fault was loaded to
a greater extent in the far-field. The traction-slip response follows a hysteresis loop where the
bounding areaD represents the dissipative energy expended (see hatched region in Figure 7.5(b)).
Larger values of D are apparent when more frictional sliding occurs along the interface. Figure
7.5(b) shows the traction-slip relationship when the fault was confined to lower normal stresses
σ0 and the same amount of far-field loading was applied. The fault at the lower normal stress
(dashed-line in Figure 7.5(b)) entered full sliding, incurred more residual slip and expended more
dissipative energy.
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7.3.3 Improvements to multi-asperity numerical model

The non-sequential transition of asperities from sitck to slip in the direction of shear loading
showed attributes similar to the spatio-temporal distributions of foreshocks shown in Figure 6.12.
This is also seen with foreshock distributions such as those presented in Figure 7.6(a). Here a fore-
shock sequence was superimposed over the measurements of normal stress taken from the pres-
sure sensitive film. Figure 7.6(b) gives the acoustic emission data from multiple sensors showing
the delay times between foreshocks while Figure 7.6(c) shows the slight variation in foreshock
signals. In Figure 7.6(c), each foreshock has been aligned about the P wave arrivals. The inset
image of Figure 7.6(a) shows that the foreshock sequence does not propagate sequentially in the
direction of slip (i.e. top to bottom). Foreshocks also clustered on the side of the fault with larger
asperities. In the numerical model, the side of the fault exhibiting larger asperities (i.e. y > 0)
had asperities that transitioned to sliding in a similar manner (see numbering sequence in Figure
7.4(a)). For a foreshock to develop on an asperity, conditions must be appropriate to allow for
local instability (e.g. equation (1.9)). While the numerical model described here cannot currently
predict local dynamic effects from a foreshock (elastodynamic wave propagation), it can simulate
the quasi-static stress evolution due to the interactions of multiple partial slipping asperities. Fu-
ture work should attempt to explain the effects of the sudden removal of a shear stress bearing
asperity in the numerical model. The stress perturbations from a foreshock on neighboring dis-
tributions of asperities may help explain: (i) whether a foreshock was triggered due to previous
foreshock stress perturbations (i.e. the cascade model) or (ii) is the stress perturbation insufficient
and the subsequent foreshock is due to the overall growth of the nucleation region (i.e. the preslip
model). Comparison of numerical models with the observed experimental foreshock sequences
(see Figure 7.6(a)) may help in deciding which model appropriately describes the nucleation seen
in laboratory tests.

7.3.4 Variations in the slip displacement fields

Figure 7.7(a) shows values of slip δ1, in the direction of applied shear, along three Transects: A
(y = 5 mm), B (y = 0.5 mm) and C (y = -3 mm), at the contact pressure p = 90 MPa, for a far-field
displacement step ∆step = 91 µm. At this displacement step the fault was in the steadily sliding
regime. The locations of transects A, B, and C are shown graphically in Figure 7.4(a). Transect C
bisected the lower section of the fault composed of smaller contacts, which transitioned to steadily
sliding conditions more rapidly than Transects A and B. Transect C also displayed a smoother dis-
tribution of slip and accrued more total slip. Transect A displayed a more tortuous distribution of
slip ux due to the larger slip shadow caused by larger asperities located along this transect. Figure
7.7(b) examines the effect of the normal pressure on the scalar valued function strain energy den-
sity (SED = (1/E)σ2, where σ is the stress field and E is the Young’s modulus) that accumulated
along Transect A for asperity normal pressures (p = 50 and 90 MPa). These calculations were made
once the interface had entered the steadily sliding regime. At this point the strain energy density
could not change (deformation gradient was zero) and we computed higher levels of strain en-
ergy density for the larger contact pressure. This was expected since larger pressures result in
more distortion to the displacement field (see section 7.2.3).
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Figure 7.6: (a) Locations of the foreshocks determined using P wave travel times from AE sen-
sors. The locations were superimposed on the pressure measurements obtained from the pressure
sensitive film. Locations exhibiting higher normal stress appear red while the blue background
assumes no normal stress was transferred (i.e. no contact occurred). The inlay shows an enlarged
view of the spatio-temporal movement of the foreshock sequence where the distribution appears
to be random in space. (b) Acoustic emission data showing the delay times between each fore-
shock over multiple sensors. (c) Foreshocks as observed on sensor PZ6. Signals have been aligned
about their P wave arrival.
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Chapter 8

Discussion

We have proposed that the study of shear rupture in the laboratory is important in understand-
ing the underlying characteristics of earthquakes and faulting in nature. A direct shear experiment
was used to study the dynamic evolution of sliding along a frictional fault. Dynamic evolution
can be explained using the nucleation theory presented in Section 1.3.1. The study of faulting
and friction in the laboratory has not changed dramatically since the seminal studies [e.g., 61].
However, the new sensors employed here have enabled us to improve our understanding of the
frictional processes, specifically premonitory seismicity. In the past, laboratory studies have given
us a more refined understanding of fault stress states directly observed from field investigations.
The concurrent nature of these two fields of study, i.e. rock mechanics and seismology, have been
essential in better assessing seismic hazard along naturally occurring faults. Field studies can
now find premonitory seismicity (foreshocks, swarm-like foreshocks, non-volcanic tremor, etc.)
prior to the main shock, using better sensors and data processing that allow us to see premoni-
tory features that were not previously detectable. Here we examine what appears to be similar
preparatory seismicity in a laboratory setting.

We observed preparatory seismicity in the form of foreshocks that appeared at the fringe of a
growing nucleation region. Foreshocks were generated by the rapid, localized failure of asperities
within the breakdown region of the nucleation region. This was confirmed using direct obser-
vations from a video camera (Figure 6.15). To develop a better understanding of why asperities
may (or may not) develop foreshocks we examine local asperity stresses using a pressure sensi-
tive film. This allowed us to locate, size and measure normal stress on individual asperities in
the breakdown region. In terms of contact mechanics, asperities form due to rough-rough surface
interactions. We used microscopy (Figures 6.7 and 6.8) to further understand how asperities may
form on a surface that exhibits a multi-scale roughness. If we have a better comprehension of
how asperities form it will provide insight into the spatio-temporal distributions of foreshocks in
sequences leading up to the main shock and their dependence on the normal loading conditions.

8.1 A standard shear stiffness calculation

Using the results from Figure 6.2 we investigated the manner in which asperities are formed
in bulk (macroscopically) versus the applied normal force. From the pressure sensitive film we
were able confirm that the number of asperities N along the interface grows linearly with the in-
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creasing normal load Fn. Berthoude and Baumberger [25] found similar results and applied the
Greenwood-Williamson (GW) [78] to provide estimates of shear stiffness due to multiple asperity
interactions. Building from the single Hertzian contact in section 1.4.3, the elastic shear stiffness
of a single circular contact patch is given as κs = 4Ga/ (2− ν), assuming no-slip under the appli-
cation of shear loads [125, 87]. (NB: This solution differs from the partial slip asperity described in
Section 1.4.4 and modeled in Section 7.) As long as the micro-contacts are elastically independent,
the total interfacial stiffnessKs can be calculated as the superposition of the individual stiffnesses:
i.e.,

Ks =
4G

2− ν
N 〈a〉 (8.1)

where G is the shear modulus, ν is the Poisson’s ratio, N is the number of asperities and 〈a〉 is
the average asperity radius. The shear modulus and Poisson’s ratio were taken from Table 2.4
and the number of asperities N and the average asperity radius 〈a〉 were obtained from Figures
6.2(a) and (b), respectively. From equation (8.1), the shear stiffness ranged from Ks = 202 N/µm at
normal force Fr ∼ 350 N and 923 N/µm for Fr ∼ 1550 N. These are comparable to estimates given
in Berthoude and Baumberger [25] for PMMA. Extrapolating their results we found an interfacial
stiffness ofKs ∼ 105 N/µm at Fr ∼ 350 N andKs ∼ 465 N/µm for Fr ∼ 1550 N. The discrepancies
in stiffness may be due to the abrasive media used condition the surfaces in the separate studies.
The mean particle size in our abrasive media was ∼ 220-440 µm in diameter compared to 23 µm
in Berthoude and Baumberger [25]. The RMS roughness found in our studied was ∼ 3.85 µm (for
the mature faulting surface) compared to 1.3 µm. Next we examined the possible limitations of
equation (8.1) in that the contacts must be elastically independent for superposition to be valid.

8.2 Potential limitations of the Greenwood-Williamson (GW) model

A major assumption in the GW model is that contacts are sparse and separated. Neighboring
contacts must be much further away than the average asperity radius. From a visual inspection of
the small section of the pressure sensitive film used in this study (Figures 6.1(a) and 6.3) it appears
that this is not the case. To calculate the average asperity separation distance in the seismogenic
region, we discretized the region into square cells with a side length of Lgrid = 4 mm. Figure 8.1(a)
shows the asperity distribution within the gray seismogenic region when the fault was loaded to Fn
= 4400 N. The seismogenic region here was slightly larger, from x = 140 to 300 mm, for divisional
purposes. In Figure 8.1(a), we see a square gridded region composed of 40 x 3 cells. Figure 8.1(b)
shows a schematic view of the actual asperities distributed within a single cell. Each cell has two
parameters: (i) the total number of asperities Ngrid and (ii) the total sum of the real contact area
Agrid. Using these values we can calculate the average asperity radius in the specified grid cell
āgrid =

√
Agrid/πNgrid. To calculate the average asperity separation distance we must distribute

the Ngrid equal sized asperities (having constant radius āgrid) evenly throughout the square cell.
This is achieved using optimization techniques. Optimal packing of equally sized circles into a
square is a non-trivial problem and the solution is given by the Travelling Salesman Problem [e.g.,
72]. Specht [169] has calculated the solutions to this problem up to Ngrid = 10,000 in a unit square.
Figure 8.1(c) shows the separation distance dsep, which depends on the number of asperities Ngrid

– a known quantity from our measurements.
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Figure 8.1: Average asperity separation distance calculation. (a) Asperity contact measurements
from the pressure sensitive film are examined in the seismogenic zone (gray region). This is dis-
cretized into 40 x 3 square cells with side length Lgrid. (b) One cell contains Ngrid asperities with
a total real contact area of Agrid. From this we can calculate the average asperity radius āgrid. (c)
Using the cellular packing solutions from Specht [169] we can calculate the optimal separation
distance dsep for each cell.

Using the metrics for each cell in the seismogenic zone, we calculated the asperity separation
distances at normal forces of Fn = 4400 N. The average number of asperities over all cells was N̄grid

= 117, which ranged from 43 to 251 asperities. The average equivalent radius of the asperities in all
cells was āgrid = 0.0553 mm, which ranged from 0.031 mm to 0.12 mm. Using this and the tabular
packing data [169] we found dsep/āgrid = 9.33 and it ranged from 3.95 to 19.75. At lower normal
forces (Fn =2000 N), we found dsep/āgrid = 14.66, with a range from 4.97 to 76.90. As expected, the
ratio of separation distance to average asperity radius increased as the fault was unloaded.

Interactions between asperities through the off-fault material becomes an issue at small separa-
tion distances – the ‘long-range’ elastic interactions are apparent up to ∼ 16 asperity radii accord-
ing to Yastrebov [184]. Asperity separation distances in the seismogenic region of our experimental
fault, even at the lower normal loads, were (on average) insufficient to neglect the ‘long-range’,
off-fault elastic interactions. Tribological study of the local interactions between closely packed
asperities are being investigated more often [e.g., 52, 2]. These interactions may affect sliding dy-
namics during the premonitory phase and therefore cannot be ignored as is the case for the GW
model (see Section 1.4.5). The work pioneered by Tabor [33] and Archard [7], suggest that typi-
cal separation distances for multicontact interfaces are much larger ∼ 100 radii – which has been
confirmed by direct observations [63, 64]. Discrepancies between these studies and that presented
here may be influenced by the surface roughness; surfaces in the aforementioned studies are much
smoother (∼ 0.1 µm RMS) than the long length scale roughness (∼ 5 µm RMS roughness) seen in
this study (see Figure 6.8). Whether asperities on the fault communicate elastically or are iso-
lated will affect the local stiffness of the fault. Equation (8.1) may be insufficient in characterizing
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surfaces that display the level of heterogeneity in asperities contact shown in Figure 6.1(a).

8.3 Improved understanding effective heterogeneity using contact
measurements

Various models have been implemented to study nucleation processes along natural faults [70,
23, 68]. Rheological differences within a nucleation zone are believed to control this transition be-
tween two end-member models: the “preslip” and “cascade” models. McLaskey and Lockner
[120] have studied the relationship between premonitory slip and foreshocks in terms of these
nucleation models. Heterogeneity is considered to be an essential ingredient for the presence of
preslip and aseismic transients in nature [24, 136]. Geologic heterogeneity may be influenced by
a number of factors in the ‘subduction channel shear zone’ [144]. Characterization of the fault-
ing structure and the degree of heterogeneity remains elusive to scientists. Within the rock mass
physical quantities, e.g., temperature, fluid pressure, elastic/hydraulic properties, etc., cause dif-
ferences in rheology that are necessary for aseismic transients. The total interaction between these
quantities causes an effective heterogeneity [62]. Rheological differences in this study are due to
stiffness gradients from heterogeneous distributions of asperities. The heterogeneous distribution
of slip seen in the numerical model (Figure 7.4) shows the influence of both off-fault and on-fault
asperity interactions in the context of the partial slip asperity framework. More numerical studies
should be performed to understand how a variety of asperity distributions (with the same ratio
of real to nominal contact area Ar/A0) affect the bulk constitutive behavior (i.e. relationship in
Figure 7.5).

8.4 Effects of multiscale roughness

The overall shape of our fault asperities are ‘flat-topped’ islands within a large flat sea, as seen
in Figures 6.5 and 6.8, and are characterized over these longer length scales with a Hurst exponent
of ∼ 0.60. Along the tops of individual asperities themselves (e.g. Figure 6.7(a)) the surfaces were
smoother, characterized by Hurst exponent ∼ 0.27. It is possible that the asperities formed along
our fault can be described using the two roughness-length scales (long and short length scales).
Nayak [133] used two roughness wavelengths to define the formation of contacts along a fault: z1
and z2. Larger contact patches form based upon a rougher z1-wavelength: i.e., the Hurst exponent
given at longer (low frequency) spatial scales Hlow. Higher frequency spatial fluctuations cause
variations along actual asperities and is given by the Hurst exponents Hper = 0.32 and Hpar =
0.22 determined from the optical profilometry (Section 6.2) on single asperities. Baumberger and
Caroli [18] believe that individual asperities form due to smoother interacting surfaces, which
they refer to as nanometric roughness, whereas separation distances (dsep) between asperities are
from rougher, micrometric range. ‘Holes’ (i.e., regions with lower to no normal stress) within larger
asperities are due to the destructive interference of the two roughnesses. An example of a ‘hole’
within a larger asperity is shown in Detail B of Figure 2.2. If we presume that shear strength
assumptions of adhesive friction apply (see Section 1.4.1), increased normal stress leads to stronger
asperities (see equations (1.10) – (1.12)) capable of increased resistance to shear stress.

These two varying levels of roughness dictate the strength heterogeneity and may give insight
into features surrounding precursory seismicity (e.g. foreshocks), slow slip accumulation and
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asperity interactions (both static and dynamic stress perturbations) during earthquake nucleation.
Normal stress fluctuations defined by the long length scale roughness, may prove important when
understanding how asperities interact during the slow slip accumulation phase (see Section 8.2).
Seismic radiation from foreshocks produced during the rapid failure of an asperity may carry
information regarding fault strength that is controlled by the shorter wavelength roughness.

8.5 Seismicity in relation to strength heterogeneities

In this study, foreshocks are caused by the failure of an asperity. While we assumed a circular
representation using the Brune relationship, in fact, asperities were formed irregularly. Acousti-
cally, foreshock signals were not smooth at times, unlike the seismic radiation predicted by Brune’s
circular asperity model [see also, 54]. The incoming P wave pulse (e.g. for the foreshock marked
as Fn = 4400 N in Figure 6.10) displayed irregular shaped displacements, whereas Brune’s model
(equation (6.6)) predicts that the incoming pulse-like P and S wave should be smooth. These ad-
ditional features in seismicity in this laboratory experiment may be due to the local variations
in strength and the general shape of the failing asperity. Across larger asperities, such as that de-
picted in Figure 2.2 Detail B, the asperities formed are not circular and do not exhibit normal stress
distributions consistent with many theoretical studies that have analyzed the failure of asperities
in the context of fracture mechanics [e.g., 91, 88]. It appears that the roughness on individual
asperities, the so-called nanometric junction-level roughness [18], promote the idea of smaller as-
perities within asperities [8, 133, 145]. This junction-level stress field (Figure 6.3) causes variations
in strength that may promote/suppress the amount of stress dropped during failure.

It is important to understand seismic stress drop since this directly relates to the amplitude
of the high frequency content in the stress waves emitted during an earthquake – which causes
the most damage to building infrastructure [121]. Even though foreshocks are not considered to
be tremendously damaging (compared to the main shock), the level of stress perturbations may
influence their relationship to nucleation of the main shock. A foreshock may have two types of
stress perturbations upon failure: (i) static [91] and (ii) dynamic [90]. If static and dynamic stress
perturbations from a foreshock lead to triggering of the subsequent foreshock, nucleation follows
the breakaway model (Section 1.3.1). If a foreshock is unable to trigger the subsequent foreshock
via its stress perturbations, and more foreshocks are still observed, nucleation is described by the
preslip model. Nucleation processes are then results of a slowly growing of a nucleation region
(see Section 1.3.1) described by the mechanical model presented in equations (1.3) to (1.9).

In our experiments, the foreshock’s static and dynamic stress perturbations are likely to be
influenced by the physical size (length scale) and strength of the asperity. Both features are con-
trolled by the nanometric junction-level roughness (Figure 6.7). Conversely, asperity-asperity in-
teractions, occurring due to longer length scale roughness (Figure 6.8), may control aspects of the
overall growth of the nucleation region in the preslip model. The breakdown (cohesive) region is
composed of asperities formed due to this longer roughness length scale. This concept is described
schematically in Figure 1.4(b).
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8.6 Foreshock magnitude and the dependence on normal stress

We see in Figures 6.10(b) and 6.12(b) that the peak ground displacement (PGD) for foreshocks
are, for the most part, larger with the application of higher levels of normal force Fn. Acousti-
cally determined foreshock source radii were calculated from the pulse duration of the foreshock
signals, having values from ∼ 0.21 to 1.09 mm. As noted in Section 7.3.4, an increase in normal
stress on an asperity would increase the local stiffness and its ability to store potential energy.
Consider two asperities of identical radii, subjected to either a high or low normal stress. By forc-
ing each asperity to identical ratios of ‘partial sliding’, the shear force FTOT sustained along the
interface would be less for the lower normal stresses p. Furthermore, the potential for an asperity
to accommodate strain energy is proportional to the level of normal stress applied. If these two
independent asperities suddenly failed at the same point, the asperity under higher normal stress
would have stored more potential energy. Assuming that the seismic efficiency (i.e. the amount of
potential energy transformed into dynamically radiated stress waves [3]), was equal in both cases,
the asperities that stored more strain energy would release more energy during a seismic event.

8.7 Nucleation Processes

8.7.1 Experimental bulk rupture growth resistance

As noted in Section 6.3.2, we observed that the bulk shear strain εs increased with additional
normal force Fn. At higher normal loads the bulk shear stress (i.e. the total shearing force over
the nominal contact area Fs/A0) along the fault increased. The additional increase in normal force
resulted in proportionally higher levels of total bulk shear force (Fs) at failure while the nominal
contact area A (≈ 400 mm x 12.7 mm) remained constant. From Figures 6.9(b) and (c), we see
that for an increase in applied normal force the gradient in slip increased. The gradient in slip is
also a measure of the bulk shear strain εs from equation (6.4). The bulk shear stress τs (assuming
a basic linearly elastic model) is given as τs = G · εs, where G is the shear modulus. Under
classical assumptions of frictional contact, the breakdown shear stress ∆τb may be expressed as
a function of the normal stress (σ) and the peak (µp) and residual (µr) coefficient of friction, i.e.
∆τb = (µp − µr) · σ. Assuming constant coefficients of friction and shear modulus, the observed
increase in shear strain within the breakdown zone can be attributed to the increase in normal
stress divided by the shear modulus εs = (µp − µr) · (σ/G).

It is likely that the elbow in the slip data is the location of the rupture tip of the quasi-stably
growing nucleation zone (Figure 6.9). Again, the elbow in the curve indicated a normal force
dependence as the tip propagated further into the relatively locked section of the slider block with
a decrease in normal force. From our macroscopic observations, we expect that as the normal force
was increased, the ability of the fault to resist shear rupture also increased. A schematic of the
resistance of the fault to rupture, which captures the observed trends described above, is shown
in Figure 8.2. For further insight into the location of the elbow, we look to the nucleation theory
defined in Section 1.3.1. If we assume the simple slip-weakening model, the effective surface
energy Γ (equation (1.8)) can now be expressed as a function of the normal stress (σ), the peak (µp)
and residual (µr) coefficient of friction and the critical slip displacement (Dc):

Gc =
1

4
∆τb ·Dc =

1

4
(µp − µr)σDc. (8.2)
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Figure 8.2: Qualitative variations in rupture growth resistance determined from the experimental
observations. A slow shear rupture front propagated away from the trailing edge (TE) and its
distance Xc, before the fault slipped unstably, depended on the applied normal force Fn. Below is
the along-strike spatial histogram of asperities at the two normal load levels Fn = 4400 N (black)
and 2000 N (magenta), taken from Figure 6.1.

We updated equation (1.9) describing the critical length scale Lc, for this particular version of the
slip-weakening model. From previously, we know that peak and residual shear stresses can be
represented in terms of the normal stress, i.e. τp = µpσ and τr = µrσ. Substituting this into
equation (1.9) we obtain a relationship for the critical nucleation length in terms of the normal
stress, i.e.

Lc =
1

π

(
G ·Dc

σ

)
(µp − µr)

((τi/σ)− µr)2
. (8.3)

It should be noted that the critical nucleation length is inversely proportional to the normal stress,
which explains why, at a lower applied normal force Fn, the elbow in the slip profiles (Figure 6.9)
moved further along the interface.

While the bulk properties of the fault are characterized by the slip-weakening model, we are
interested in detailed aspects that control the ability of the fault to resist rupture, specifically those
at the asperity-level and their dependence on the normal force Fn. The quasi-discrete asperity
model was used to link the two scales in this study. The ability of a single asperity to store potential
energy is directly influenced by both its stiffness (which is controlled by the applied normal force)
and the amount of slip that has accrued at that point of the loading cycle (Figure 7.1). Multiple
asperities behaved in a similar fashion, as shown by the numerical simulation shown in Figure
7.4. The distribution of asperities was acquired from the pressure sensitive film in a region of the
fault where the slowly propagating shear front (described above) would have had to penetrate a
resistive patch of asperities.

Numerical results (Figure 7.4) show that slow slip accumulated non-uniformly across the fault;
even when some larger asperities remained ‘stuck’, other sections of the fault experienced a bulk
slip deficit of ∼ 36 µm (see ∆step = 87 µm in Figure 7.4(b)). The maximum difference in slip along
the interface once the fault had entered full sliding represents a slip deficit along the interface,
which was controlled by the amount of normal force. Due to the unknown coefficient of friction
µ at the asperity-level, the values of slip are somewhat arbitrary; however, the shear response
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helps explain how populations of asperities resist shear rupture. When we decreased the asperity
pressure to p = 40 MPa, we observed that asperities entered the sliding mode more easily (at ∆step

= 38 µm) and the slip deficit was reduced to 16 µm; the bulk stiffness of the fault was reduced
as was its ability to resist the slow slip front. The bulk slip deficit measured in the multi-asperity
model is similar to the critical slip distanceDc in the slip-weakening nucleation model. The ability
of an asperity to create slip deficit (Figure 7.1(d)) is, in effect, its ability to resist shear rupture,
which was dependent on the normal force.

The breakdown stress drop ∆τb in the slip-weakening model is also well explained by the nu-
merical model. As the normal pressure increased we observed an increased potential of the fault
to store shear strain energy (Figure 7.7(b)). Consider two multi-asperity surfaces, with identical
asperity distributions, subjected to high and low normal asperity contact pressures, respectively.
To force all asperities along the interface into full-sliding, a larger amount of critical slip Dc is re-
quired and as a result, more strain energy (proportional to ∆τb) is accumulated along the fault at
the higher normal pressure p. For a slow rupture to break down the ‘stuck’ asperities, a specific
heterogeneous distribution of slip was required. As macroscopic slip increased, the potential for
the fault to resist rupture decreased. Similarly, local potential to store shear strain energy also
dropped as local slip increased.

8.7.2 Local rupture growth resistance and foreshock clustering

Local stress changes during nucleation are explained in more detail using the numerical model.
Experiments showed that foreshocks were observed in a region of the fault close to where a slowly
propagating shear rupture migrated into an asperity rich, ‘locked’ section of the fault. Foreshocks
(FS) are assumed to be the local, dynamic failure of individual [115] or local clusters of asperities.
While Figure 8.2 qualitatively depicts the fault resistance to rupture as smooth, in reality it is more
likely to be irregularly shaped and determined by the heterogeneous distributions of asperity
contacts. Numerically we observed that increasing the normal pressure on the fault increased
the magnitude of potential energy stored in individual asperities (see Section 7.3.4). Once the
fault was forced into the ‘steady-sliding’ regime, at lower pressure p, the magnitude and spatial
distribution (i.e. degree of heterogeneity) in the shear strain energy field was lower. Consider a
fault composed of asperities under similar levels of normal stress with similar material properties
that behave as described by the quasi-discrete asperity model. If only one asperity within the
asperity field failed, the static stress change [172] would cause local perturbations in the stress
field [109]. The distance that these static stress perturbations propagate away from the source
depends on the stress dropped, the radius (assuming a circular source), and on the ability of the
fault to resist shear rupture – a normal force dependent parameter in the quasi-discrete asperity
model. A fault exhibiting higher rupture resistance has the ability to support sharper gradients
in the shear strain energy field, suggesting that closer populations of asperities would be able to
accommodate static stress changes resulting from the sudden failure of a single asperity. Spatio-
temporal foreshock distributions (Figures 6.12) support this idea; tighter clustering of foreshocks
was observed at higher normal forces Fn.
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8.7.3 Breakdown tip progression

Experimental evidence shows that a slow shear rupture propagated into a relatively locked
region and was normal load-dependent (Figures 6.9(b) and (c)). At higher normal forces, the
break-down tip velocity propagated at a slower velocity (1-3 mm/s over the last 50 s before tfail)
than at lower normal forces (6-9.5 mm/s at the last 25 s before tfail). This observation is similar
to the conceptual model put forward by Ohnaka [139] where the slowly growing crack has a
nucleation length (Lc) that included a number of local asperities. We examine the manner in
which foreshocks occurred and the information they convey in relation to the main shock.

Foreshock sequences have been studied as precursory phenomena to a larger main shock.
Three predominant theories surrounding foreshock sequences have been postulated. In the cas-
cade model, a small foreshock occurs which triggers the next event, eventually culminating into
the main shock. In the cascade model foreshocks are triggered by static stress changes, pore fluid
changes or dynamic effects. In the preslip model, nucleation occurs due an aseismic slippage re-
gion that grows until it reaches a certain size when failure occurs. Foreshocks are interpreted as
localized failure within or along the fringe of the nucleating region that experiences shear stress
perturbations. Our experimental observations appear to support preslip since the macroscopic
motions show slip patterns that are well explained by the slip-weakening nucleation model – as-
perities within the growing breakdown zone fail locally based on the ongoing slippage around
them [119]. In the preslip model, the stress changes from the foreshocks are incidental to the main
shock failure mechanism [67]; the foreshock failure mechanism is likely to be similar to the main
shock (in our experiment, foreshocks released stress in shear along the planar fault [115]). Rela-
tively recent studies have examined the diffusional after-slip from foreshocks as a possible mecha-
nism that triggers the main shock [84, 5]. Barbot and Fialko [14] discuss the time-dependent relax-
ation that controls after-slip subsequent to an earthquake (or foreshock) and find that post-seismic
deformation may be due to a combination of poroelastic response, fault creep and viscous shear. In
our dry-friction experiment, the poroelastic effects are absent (PMMA is a non-porous glassy poly-
mer [11]) and any purely viscous processes would not allow for the generation of foreshocks. In
our experiments any triggering of subsequent foreshocks (or main shock) due to post-seismic de-
formation would be due to fault creep. Fault creep following a foreshock is, in mechanical terms,
localized visco-elastoplastic deformation. Ando and Imanishi [5] studied the foreshock sequence
prior to the 2011 Tohoku-Oki, JA earthquake. They found that the Mw 9.0 main shock, March, 11,
2011, 14:46, was triggered by the diffusional after-slip from the Mw 7.3 foreshock, March 9, 2011,
11:45 (Japan Standard Time). The mechanism proposed was controlled by the ratio of brittle to
ductile areas (i.e. strongly coupled patches to decoupled stable regions), which in our experiment
would be analogous to ratios of the strong asperity patches to the non-contact regions.

In all foreshock sequences (except Fn = 2700 N, SS3) the first foreshock was located behind the
main shock hypocenter in the direction of the slowly propagating rupture (Figure 6.12(b)). This is
similar to the well analyzed foreshock sequences during the 2011 Tohoku-Oki, Japan earthquake
[5] and the 2014 Iquique, Chile earthquake [37, 183]. Additional seismicity was recorded in our
experiments; it was un-locatable but showed some spatial organization (Section 6.4.7). The major-
ity of the additional seismicity (∼ 48 % of the observed increased seismicity) originated within the
trailing edge of the ‘locked’ section of the fault. We believe that this background seismicity in our
experiment is similar to that which was present behind the Mw 7.3 foreshock, with respect to the
direction of the diffusely expanding rupture front, in the Tohoku-Oki sequence [5]. These smaller,
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un-locatable signals may be some form of background seismicity that is indicative of macroscopic
slow slip of the relatively locked region. While this observation does not distinguish between
the various mechanisms triggering foreshocks, it does show unique similarities to observations in
nature.

Foreshocks increased in frequency and spatially coalesced towards the main shock hypocenter
as the time to main shock decreased (Figure 6.13(a)). This observation is similar to that made by
Jones and Molnar [93], who observed increased foreshock activity before major earthquakes (be-
tween 1914 to 1973). This observation supports the preslip model in that nucleation, characterized
in part by the slip-weakening model, of the accelerating slow slip front (and larger shear stress gra-
dients [119]) may promote foreshocks on individually stiffer asperities. Moreover, in Figure 6.12
we see that subsequent foreshocks span distances greater than 10 times their source radius. The
largest source size, measured acoustically, was R0 ∼ 1.09 mm. Since the shear stress perturbation
(dτ ) along the planar fault decays proportional to d−3 [3, 47], where d is the hypocentral distance
between subsequent foreshock; shear stress perturbations (dτ ) are relatively weak at distances
greater than ∼10 radii from the previous foreshock (i.e. 10·R0 ∼ 10.9 mm). This detracts from the
possibility of a cascading-style foreshock sequence. Furthermore, since the tip of the slowly prop-
agating slip front only grows in the direction away from the trailing edge (Figures 6.9(b) and (c)),
we would expect foreshocks to occur in a more organized manner if the cascade model was cor-
rect; i.e., expecting that the breakdown shear stress (∆τb) across the breakdown zone (Xc) would
drive the first foreshock and the subsequent foreshocks would appear further ahead of the slowly
propagating rupture tip. In contrast, spatio-temporal observations of foreshock sequences (Figure
7.6(a)) show that foreshocks appear both ahead and behind the propagating slow rupture tip after
the first foreshock was recorded. This observation is consistent with our numerical model, specif-
ically the manner in which asperities enter a full sliding regime (Figure 7.4(a)). The ingress of slip
into the locked region of the numerical model promotes the preslip model, and also demonstrates
that stress shielding [98] is likely a contributing factor to the manner in which foreshock sequences
are realized.

The evolution of the foreshock sequences impetus (or not) on how they impact the main shock
are due to a variety of factors: the static (Coulomb) stress transfer from a foreshock (i.e. stress
drop and source radius-dependent [172]), diffusional propagation of foreshock after-slip [5], the
ability of small asperities to suppress slip (i.e. increased resistance to rupture [98]) and stiffness
and density of asperities in the transitional ‘crack-tip’ region. These represent multiple mecha-
nisms that may be driving the breakdown of shear stress (i.e. increase of slip) over the ‘crack-tip’
region. While observations in nature may promote one model relative to another, the reality is that
numerous factors such as those mentioned above are likely to be fault-dependent and may occur
concurrently. In the laboratory we are beginning to observe foreshock sequences and are able to
discuss their relationship to the main shock – these mechanisms can be examined in a controlled
environment.
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Chapter 9

Conclusions

New development in sensors and data processing techniques have led to more refined obser-
vations of precursory phenomena leading up to earthquakes on natural faults. The previously
developed phenomenological models successfully developed in the past to estimate seismic haz-
ard are ill-equipped to accommodate some of the newer field observations. Preparatory seismicity
(e.g., foreshocks, migrating swarm-like foreshocks, etc.) emitted from the boundary of a growing
nucleation zone is becoming more frequently observed due to improved instrumentation of major
intraplate earthquakes. We present findings from the laboratory that display isolate foreshocks
with similar acoustic and spatio-temporal signatures as those observed in nature.

A mature fault was created by sliding two bodies of polymethyl methacrylate (PMMA) past
each other under normal load in a direct shear configuration. The fault under normal force Fn
and sheared until failure. Prior to failure, slow slip accumulated non-uniformly along the fault
as measured by an array of slip sensors. These sensors captured the growth of a nucleation front
(slow shear rupture) into a relatively locked region of the interface. As the normal force Fn was
increased so did the ability of the fault to store shear strain due to increased shear stiffness of
the interface. Shear stiffness of the interfaces was examined in the context of resistive patches of
contacts (asperities) formed along the fault in a contact mechanics framework.

The rough-rough interaction of the two surfaces was characterized using contact mechanics.
Local strength heterogeneities (asperities) formed were the rough-rough surfaces met. Location,
size and normal stress at these contacting points were measured using a pressure sensitive film
throughout the fault. At all normal load-levels, the fault displayed a region of densely distributed
asperities. This region relatively ‘locked’ with respect to other sections of the fault – it resisted the
ingress of the slowly propagating shear rupture due a stiffness gradient. At higher normal loads
Fn, more asperities were measured in this region and higher amounts of shear strain accumulated
along the fault. Acoustic emission sensors recorded high-frequency stress waves emitted from
this relatively ‘locked’ section in the moments before gross fault rupture. The emission from the
seismogenic region showed similar spatio-temporal and seismic signatures as foreshocks before
a main shock. Foreshocks were the isolated, rapid failure of asperities within the breakdown
region of the nucleation front – a feature that was confirmed using asperity photometry (i.e. direct
observation). Within a sequence of foreshocks leading up to failure, we noticed an increase in
magnitude and clustering from an individual foreshock as we increased the normal force Fn.

To develop an understanding of the relationship between Fn and the resistance of the fault to
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the slow shear rupture front, a quasi-static finite element (FE) model was developed. The model
used distributions of asperities directly measured from the pressure sensitive film in a small sec-
tion of the interface where foreshocks coalesced; i.e. the ‘locked’ section of the fault, specifically the
region where the slowly propagating slip front met the more dense distribution of asperities (x =
182.5 to 257.5 mm). Physics from the numerical model followed the qualitative observations made
using photometry of asperities along the interface, which visualized asperities in the ‘locked’ re-
gion – larger asperities remained stuck throughout the loading cycle and the light transmitted
through individual asperities constricted throughout the loading cycle. The numerical partial slip
asperity quantified the potential energy stored by the asperity increased relative to the normal
pressure p. Multiple asperities were modeled along the interface using a quasi-static analysis.
Progression of slip into the asperity field was inhibited as the normal confining force Fn was in-
creased. The computational model provided an explanation as to why an increased confining
force Fn would result from both an increased resistance to slow rupture as well as an increased
potential for larger foreshocks within the resistive, relatively ‘locked’ section of a fault. In all,
the numerical and experimental results imply the validity of Ohnaka’s slip-weakening nucleation
model.
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Appendix A

Experimental facilities details
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Appendix B

Pressure sensitive film algorithms
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11/19/15 2:18 PM C:\...\I_CONVERT_TO_STRESS.m 1 of 1

% This file converts a .tif to stressed.  The function
% Calibration_curve_good.m is needed.
 
Title1 = 'name';    
title2=strcat(num2str(Title1),'.tif') 
 
A=imread(title2); %import image
B=rgb2gray(A);    %convert to gray
clear A
C=im2double(B);   %convert to double
clear B
 
 
 
Stress=(C');
Stress2=Stress;
                        
% use calibration curve data
 
for loop=1:size(Stress2,1)
    for loop1=1:size(Stress2,2)
   Stress2(loop,loop1)=Calibration_curve_good(Stress2(loop,loop1));
    end
end
 
% write output
title3=strcat(num2str(Title1(zz)),'.mat');
save(title3,'-v7.3')
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11/19/15 2:25 PM C:\Users\PA_Selv...\II_EQM.m 1 of 2

 
load('name.mat')
 
F=4400; %nominal applied load
L1=406.4;%mm %nominal area
w=0.5*25.4;%mm %nominla width
P=F/(L1*w); %nominal pressure
 
Stress1=Stress2;
thres=[12:0.1:50];
 
%This algorithm counts the pixels above a certain stress level "thres".  
%Each pixel has a force  (pixelArea*pixelStress) that force is summed.
%Once the summed force equals the applied force "F" the "thres" is now a
%cutoff; everything blow this is noise.
for i=1:length(thres)
 
test=Stress1>=thres(i);
N=sum(sum(test));
Area_contact(i)=(N/(size(Stress1,1)*size(Stress1,2)))*100;
 
F(i)=P*L1*w;
 
%%
Stress2=Stress1.*test;
pix_w=(w./size(Stress2,1));
pix_L=(L1./size(Stress2,2));
pix= pix_L*pix_w;
 
 
%%
 
u(i)=mean2(Stress2(Stress2~=0));
 
F_bal(i)=u(i)*N*pix;
 
end
%%
 
%Manual determine where F_bal and F are equal. The corresponding "thres" 
is
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11/19/15 2:29 PM ...\III_ANALYZE_ASPERITIES.m 1 of 1

%
 
thres=21;  %units (MPa): this value is calulated manually from II_EQM.m
 
L1=400;%mm
w=12.7;%mm
 
%Pixel size definition
 
pix_w=(w./size(Stress2,1));     %mm
pix_L=(L1./size(Stress2,2));    %mm
pix= pix_L*pix_w;               %mm^2
 
 
%Filters erroneous noise from Film below thres
Stress=Stress2;
test=Stress>=thres;
N=sum(sum(test));
Stress2=Stress.*test;
 
%Find asperities.  Image detection algorithm
[L, num]=bwlabel(test,4);
STATS=regionprops(L,Stress2,'all');
 
% Save data
title4='Results_';
title5=strcat(title4,num2str(Title1(zz)),'.mat');
save(title5,'-v7.3')
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11/19/15 2:34 PM C:\Users\...\IV_DISCRETIZE.m 1 of 2

title7='Results_name.mat';
load(title7);
 
%minimum threshold for asperity size as determined from the image 
detection
%algorithm in III_ANALYZE_ASPERITIES.  This is important when generating
%abaqus models.  It is too difficult to model very small asperities.  
Size
%is in total number of pixels
 
Min_asperity_size = 5; %pixels
 
%create a "STATS" structure for asperities along the interface. We store 
x
%and y centroid location, area (in pixels), average normal stress, 
standard
%deviation of normal stress field alond the asperity
 
        for a=1:length(STATS)
 
            if  STATS(a, 1).Area>=Min_asperity_size
            areaINFO(a,:,:,:,:,:)=[STATS(a, 1).Centroid(1).*pix_L,STATS
(a, 1).Centroid(2).*pix_w, STATS(a, 1).Area.*pix,STATS(a, 1).
MeanIntensity,std(STATS(a,1).PixelValues)];
            else
            areaINFO(a,:,:,:,:)=[nan,nan,nan,nan,nan];  
            end
 
        end
 
x1=max(areaINFO(:,1))-areaINFO(:,1);
x1(isnan([x1(:)]))=[];
y=areaINFO(:,2);
y(isnan([y(:)]))=[];
A=areaINFO(:,3);
A(isnan([A(:)]))=[];
Sig=areaINFO(:,4);
Sig(isnan([Sig(:)]))=[];
 
ST_DEV=areaINFO(:,5);
ST_DEV(isnan([ST_DEV(:)]))=[];



APPENDIX B. PRESSURE SENSITIVE FILM ALGORITHMS 114

11/19/15 2:34 PM C:\Users\...\IV_DISCRETIZE.m 2 of 2

 
 
TOTAL=[x1,y,A,Sig,ST_DEV];
 
 
INFO(1,z).x=TOTAL(:,1)';
INFO(1,z).y=TOTAL(:,2)';
INFO(1,z).A=TOTAL(:,3)';
INFO(1,z).SIG=TOTAL(:,4)';
INFO(1,z).ST_DEV=TOTAL(:,5)';
INFO(1,z).thresh=Min_asperity_size.*pix;
INFO(1,z).stress_crop=Stress2;
INFO(1,z).stress_image=Stress;
 
 
clearvars -except INFO
 
save('name_dicretized.mat','-v7.3')
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11/19/15 2:18 PM ...\Calibration_curve_good.m 1 of 1

function out=Calibration_curve_good(input)
avg=
[0.411144160222084,0.421719098109199,0.442742998448631,0.478083773664135
,0.584994925989434,0.678496693144833,0.786651269669072,0.907904958533099
]-(0.411-0.27)+0.0299;
x=avg;
if input <=min(x);
        out=50;
elseif input >= min(x) && input <= x(2);
out = -7.943309066840878e+02*input + 3.764845135670759e+02;
 
elseif input >= x(2) && input <= x(3);
out = -2.663635153129446e+02*input + 1.538305814469709e+02;
 
elseif input >= x(3) && input <= x(4);
out = -1.598719882500293e+02*input + 1.066822034457622e+02;
 
elseif input >= x(4) && input <= x(5);
out = -51.444586279129370*input +54.844821942916330;
 
elseif input >= x(5) && input <= x(6);
out = -64.169910179644380*input +62.2890718562897;
 
elseif input >= x(6) && input <= x(7);
out = -60.099167403639610*input +59.5270863441272;
 
elseif input >= x(7) && input <= x(8);
out = -68.039167115579520*input +65.773097198696820;
 
else input >= max(x);
    out=0;
 
end
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