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ABSTRACT:

A better understanding of the strength distributions and the seismic response of asperities failing within a cohesive (or breakdown)
region of the growing shear rupture is important in many engineering disciplines, such as, hydraulic fracture and induced
seismicity. In the laboratory, a fault is experimentally modeled by a 400 mm x 80 mm x 12 mm PMMA slider sheared across a large
PMMA base plate. A pressure-sensitive film was employed to localize and size, and measure normal stress upon contact junctions.
Moments prior to rapid sliding, multiple discrete and localized dynamic events (or foreshocks) were observed at a section of the
fault that exhibited a sparse to dense transition in asperity distribution. Experiments showed that foreshocks occurred as the crack
(rupture front) moved into the resistive patch of densely distributed asperities. We use the results of pressure sensitive film asperity
measurements to develop a heterogeneous finite element (FE) model that studies the effect of asperities within the cohesive region
have on the expanding shear crack. Slip accumulated heterogeneously during the loading cycle due to the non-uniform distribution
of asperities. We study the constitutive behavior of a frictional interface where local slip is determined by the asperities and their
ability to communicate elastically. A foreshock (Mw ~ -7.4) was simulated in a quasi-static manner by instantaneoulsy removing an
asperity contact during the loading cycle. The foreshock increased shear stress perturbations to neighboring regions up to distances
of ~ 10 to 15 source radii.

1. spaceINTRODUCTION

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 (Aki, 2002), 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. Mechanisms
surrounding this transition to rapid sliding are not well understood and insight could potentially lead to better estimates
of seismic hazard and earthquake prediction.

2. NUCLEATION THEORY
spaceNucleation theory determines the dynamic transition of slip along the fault from static to 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 be modeled in terms of a either fracture or stick- slip
friction  (Scholz,  2002).  Due  to  the  similarities,  nucleation of rapid sliding on a frictional fault is modeled as  an
expanding shear fracture/crack (see Figure 1(a)).

In  this  study,  slip  δ  along  a  frictional  fault  is  the  difference  in  displacements  across  a  localized  planar
discontinuity within a body (volume V in Figure 1(a)). As shearing tractions are applied to the body, a shear crack
forms and expands while premonitory slip accumulates within this region along the discontinuity. The planar shear
rupture can expand in a stable fashion, determined from frictional stability theory (Rice and Ruina, 1983), until  a
critical size Lc, upon which an instability forms and unstable crack expansion ensues.

In Figure 1(a) the expanding shear rupture has two zones: (i) an orange region where shear stress along the
discontinuity has been reduced to a residual level τr

spaceand breakdown (gray) region where shear stress is
reduced from an peak level τp to that residual level. This
is portion of the shear rupture is located at the fringe and



is  also  referred  to  as  the  cohesive  zone  (Ida,  1972;
Andrews,  1976).  The constitutive  relationship between
slip stress breakdown is not intrinsically understood and
has been inferred through phenomenological
observations in the laboratory (Dieterich, 1978; 1979). A
schematic  depiction  of  shear  stress  (red)  and  slip
accumulation (green) across the shear crack tip is shown
in Figure 1(b).  It  is  believed  that  asperities  forming
along the interface can cause local strength heterogeneity
(e.g. Ohnaka, 1992; 1993). Ohnaka (1992) proposed that
these local increases in  strength could cause the small
perturbations in slip and shear stress seen in Figure 1(b).
However,  we  reiterate that the constitutive relation
between shear stress  an  slip  accumulation  are  not
understood and a better understanding of this may help
in assessing rock mass stability in natural settings.

Currently,  there  are  two  principal  constitutive
relationships used to describe stress breakdown across
the expanding shear rupture: slip-weakening (also known
as slip-dependent) (Andrews, 1976; Ida, 1973; Ohnaka
1992) and rate- and state-dependent (RS) laws
(Dieterich,  1979;  Ruina,  1983;  Rubin  and  Ampuero,
2005). The former (see Figure 1(c)) assumes that stress
breakdown only depends on fault slip and, unlike the RS
relation, it is slip-rate and time insensitive. For the slip-
weakening relation, shear stress along the fault  can be
written as a function of slip as follows:

 ( )   p  ( p r  )  / Dc  Dc

space ( )  r   Dc

space(1)
space

spacewhere τp is the upper yield stress, 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 Gc is determined to be the area under the slip-weakening curve but above the
residual stress level. For the case where τr = 0.25τp the effective fracture energy becomes Gc

= 0.25(τp - τr)/Dc. This results can be used in conjunction with the surface energy arguments posited by Griffith (Griffith,
1921; Ida, 1972; Andrews, 1976) to determine the critical crack size Lc and is given as:

space

Fig. 1(a) Schematic depiction of an expanding shear rupture along a frictional discontinuity with the body (V). The body is
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spacesubjected to shear tractions which cause the shear rupture to expand. The stable or unstable expansion of the rupture depends
on its size. At the fringe of the shear rupture is a
spacewhere G is the shear modulus of the material – once this
size is reached, the crack grows violently.
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Slip-weakening (SW) concepts are rooted in the laboratory-derived rate- and state-dependent (RS) constitutive
relation (Dieterich,  1979; Ruina,  1983; Lapusta et  al.,  2000). Both SW and RS have a proven success in  studying
dynamic stress behavior throughout

spacebreakdown zone. (b) Idealized manner in which shear stress breakdown and slip accumulation occurs across the crack-tip.
(c) The constitutive slip-weakening relation describing the stress and slip states shown in (b). (d) A resistive patch of asperities at
the edge of the expanding shear rupture.

natural earthquake cycles (e.g. Rice, 1993; Tullis, 1996; Dieterich and Ricahrds, 2010; Kaneko and Ampuero,

space2011). A variety of laboratory setups, in a variety of configurations, have been used to develop and confirm the
rate-and-state frictional relation empirically (Dieterich 1992, Dieterich and Kilgore, 1994, 1996;
Marone, 1998; Berthoude et al., 1999).

We are looking to better understand the manner in which stress breakdown occurs in the area of the tip of the shear
rupture. The much employed rate- and state- dependent (RS) constitutive relation will not be investigated in this study;
we look to understand the slip- dependent relation, i.e. the rate-insensitive limit of the RS framework. We investigate the
processes involved with a shear rupture front moving into a resistive patch of asperities (Figure 1(d)). The current RS
constitutive laws capture  bulk processes  and are  phenomenological.  Recent  laboratory experiments  (McLaskey and
Kilgore, 2013; McLaskey et al., 2014; Goodfellow and Young, 2014; Selvadurai and Glaser, 2015a) are demonstrating
that within the nucleation zone rapid failure of asperities occur prior to unstable sliding – a direct violation of the
traditional RS law which describes smooth transition of stable to unstable shear crack expansion.

These observations happen in nature prior to some earthquakes and are known as foreshocks (Jones and Molnar,
1979; Ohnaka, 1992; Dodge et al., 1995; Brodsky and Lay, 2014). To accurately explain these observations in terms of
the currently well-understood constitutive laws, we must impose strength heterogeneity along the planar discontinuity.
Currently,  studies have tried to embed geologic  heterogeneity into the RS  framework  (Ariyoshi et  al.,  2009, 2012;
Dublanchet et al., 2013; Noda et al., 2013). While these studies lay foundations for the true complexity of stresses at the
crack  tip,  it  is  done  in  a  relatively  arbitrary  manner;  spatial distributions  and material  parameters  of  the  strength
heterogeneities are determined by the modeler.

Simplistic views of faults (i.e. planar discontinuities),  as they happen in rock masses,  can be explained by the
coming together of rough surfaces (Scholz, 2002). Contact mechanics has long been used to study the stress fields
created by the rough-rough interaction of two surfaces (Archard, 1961; Greenwood and Williamson, 1966; Johnson,
1985; Yoshioka, 1996; Bowden and Tabor, 2001; Persson, 2006). These theories may provide a better understanding of
how geologic heterogeneities (i.e. asperities) develop a spatially dependent stress field in a more realistic manner.

Here we examine a frictional interface formed between two polymethyl methacrylate (PMMA) samples
– a material commonly used in frictional studies (Baumberger et al., 1994; McLaskey and Glaser, 2011; McLaskey et al.,
2012). The topography of the interface was characterized experimentally using a pressure sensitive film (Selvadurai and
Glaser, 2015b) that allowed us to locate and size individual asperity contacts formed along the fault.  The pressure film
results give an initial

space



Fig. 2 (a) General configuration of direct shear apparatus from the side view with general locations for the slip (NC1-NC7) and AE
sensors (PZ1-PZ16). b) Detailed locations of the slip (red crosses) and acoustic (black triangles) sensor array with respect to the
interface (white).

understanding of the contact conditions along the fault without the need for statistical models (a tool commonly used in
tribological studies). As shown schematically in Figure 1(d), the true understanding of asperity distribution, provided by
the pressure film, was then used as an input into a finite element (FE) model. This model was then used to study how
stresses evolve when populations of asperities are sheared. Sudden removal of an asperity was studied in an attempt to
simulate the static  stress perturbation caused by an individual ‘foreshocking’ asperity, and the level of change its
removal caused on the constitutive response of the resisting asperity patch.

3. EXPERIMENTAL FACILITIES

In the experiments presented here, dry-friction conditions  along  the  fault  were  carefully  controlled  during  each
experiment. The tests  consisted of loading two samples in  a direct  shear configuration shown in Figure 2(a).  The
experimental facilities presented in this paper have been previously documented by Selvadurai and Glaser (2015a). The
surfaces of two samples  of PMMA are  machined flat  then  sandblasted to create  statistically  repeatable  roughness
profiles (Schmittbuhl et al., 2006) similar to those found in nature (Power and Tullis 1991, Candela et al. 2011). We
employed the pressure sensitive film to detect and measure the contacting asperities formed between the interacting
surfaces.

spaceDuring a test, shear stress along the fault was increased under constant normal stress until dynamic gross
fault rupture (i.e. instability) occurred. Prior to accelerated rupture, slow premonitory slip accumulated non-uniformly
along the fault. Slow premonitory slip was  caused  by the  expansion  of  a  slow shear  rupture  and is  described  in
Selvadurai and Glaser (2015a). Slip measurements were taken using slip sensors (NC1-NC7) placed near to the fault and
measured slip in the direction of applied shear load (see Figure 2(a) for general location and Figure 2(b) for accurate
locations).

Just prior to gross fault rupture, small high- frequency acoustic emission (AE) events were detected and located
using an array of 14 nano-seismic sensors (PZ1-PZ14) placed along the underside of the base plate (locations are shown
in Figure 1b). The AE sensors are absolutely calibrated, (McLaskey and Glaser, 2010; 2012) which allowed us to detect
from a near-field vantage point surface normal displacements over the frequency band ~ 8 kHz – 2.5 MHz, with an
approximately 1 picometer noise floor (McLaskey and Glaser, 2010). These observed events are treated as ‘foreshocks’
(FS) and they display pulse-like P and S wave components. The pulse- like characteristics also allow us to locate them
along the interface. Sequences of foreshocks were consistently detected prior to rapid slip (tens of seconds) and radiated
from within the slip deprived section of the interface before each gross rupture.

4. spaceEXPERIMENTAL RESULTS

Figure 3(a) shows the results from the pressure sensitive film taken at the highest level of applied normal force (Fn

= 4400 N ~ 0.8 MPa). Asperities are represented using a circular representation (with sizes proportional to the legend)
when in actuality their shapes are more convoluted. Spatial histograms showing the number of asperities  along the x-
and y-directions are shown on a 125 by 25 sized grid. From the results we see that the distribution of asperities is non-
uniform over the entire fault. The results shown in Figure 3(a) are directly used to prescribe frictional heterogeneity in
our numerical model.

Figure 3(b) shows an example how premonitory slip a sensor NC7 accumulated (black) prior to gross fault
rupture. Offset below the slip measurements are acoustic emissions from PZ6 (blue signals). The inset image in

Figure 3(b) shows detail of 3 foreshocks (denoted by green stars) prior to fault rupture. In this sequence a total of 10
foreshocks were detected before the main shock (i.e. gross  fault  rupture). Figure 3(c) shows a detailed recording of

the last foreshock prior to gross fault rupture from the array of piezoelectric acoustic emission sensors (PZ4 – PZ12).
Sensors determined to be near the source (i.e. PZ5, PZ6 and PZ7) saw impulsive signals which were associated



with the P and S wave arrivals (up and down arrows). Selvadurai and Glaser (2015a) used the duration of the
impulsive signals to estimate the source dimensions (Brune 1970). Acoustically

they  found  source  radii  to  range from
0.21 and 1.09 mm which correlated to the estimates made using the pressure sensitive film: 0.05 to 1.2
mm (see Figure 3(a)).

space

Fig. 3 All figures have been adapted from Selvadurai and Glaser (2015a). (a) Non- uniform asperity distribution made using the pressure
sensitive film at the highest confining normal load. (b) Premonitory slip recorded from sensor NC7 (black line) ~30 seconds before gross
fault rupture. Acoustic emission recordings from sensor PZ6 showing the impulsive signals released during the premonitory phase. The
impulse releases are foreshocks (FS) associated with the rapid failure of individual asperities. In this sequence 10 FS were detected
acoustically before gross fault rupture. (c) The last foreshock in this sequence is shown over multiple piezoelectric acoustic emission
sensors (PZ4-PZ12).

spaceA total of 68 total foreshocks were recorded over a total of 8 gross fault ruptures. Foreshocks clustered in a
‘seismogenic’ region along the interface between x = 150 and 300 mm (highlighted in gray in Figure 3(a)). Shear rupture
was found to propagate from the trailing edge (TE) of the fault into a ‘relatively locked’ region of composed of a higher
densities of asperities at speeds ranging from 1 to 9.5 mm/s. Certain features regarding shear rupture expansion depended
on the level of applied confining normal force (Fn). It was found that the shear rupture propagated more slowly along the
fault, accumulated a greater degree of local slip and the FS had the potential to be larger with increasing Fn.

5. spaceNUMERICAL MODELING

Finite  element  modeling  was  performed  using  the
commercial  software  ABAQUS/implicit  (ABAQUS,
2004).  The  numerical  model  used  the  experimentally
determined asperity sizes and locations from Figure 3(a),
specifically  a  region  from  x  = 182.5 to  257.5 mm, to
prescribe frictional heterogeneity of the FE model.

5.1. Mechanisms  for  single  asperity  responses
under normal and shear loading

Cattaneo (Cattaneo 1938) studied the effects of a sphere
pressed against a flat surface and loaded tangentially
(see  also,  Mindlin,  1949;  Boitnott,  1992;  Ciavarella,
1998a,  1998b;  Yoshioka  1996).  Figure  4(a)  shows  a
schematic  representation of a spherical elastic body
(with a radius of curvature R) pressed against a rigid flat
surface (Paggi et  al.,  2014). The green line shows the
exaggerated deformations under  only normal  forces  P
and  the  red  line  shows  the  exaggerated  deformations
with the addition of tangential load Q. As the tangential
load is increased, slip is accrued along the periphery of
the contact region while  the  central  portion  remains
stuck. Mindlin (1949) refers to this as  incipient sliding.
Johnson (Ch. 7 in 1985) has presented the full derivation
for  the  partial  sliding  spherical  asperity  against  a  flat
plate.  The  relationship  between  the  non-dimensional



slipping region (c0/a0) to non-dimensional shearing force
(Q/ µ*P) is given as

space
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space
Q 

1/3 ,

space (3) spacea
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spaceFig. 4 (a) Schematic drawing of a single asperity compressed

space0 

spacewhere µ* is the coefficient of friction, a0 is the initial size of the contact radius, c0 is the size of the ‘stuck’ radius,
and P and Q are, respectively, the normal and shearing forces calculated by integrating the appropriate stresses over the
contact surface (0 < r ≤ a0). Ciavarella (1998a, 1998b) generalized the Cattaneo partial slip problem for single, multiple
and periodic contacts and, more recently, Paggi et al. (2014) formulated the problem for rough surfaces. Selvadurai and
Glaser (2015a) used an FE model to capture a similar response to the partial slip asperity described in equation (3).

Our numerical model uses a classic Hookean isotropic elastic slider (Davies and Selvadurai, 1996)  that  was
sheared across a rigid base plate. The ABAQUS code adopted a finite sliding computational algorithm to compute the
slip displacements occurring along the interface. The relationship between the contact shear stress and relative shear
deformation was
spaceand then loaded tangentially (adapted from Paggi, 2014)). 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. (b) Results from calibration
model  (see  Selvadurai  and  Glaser,  2015a).  ABAQUS results  for  the  non-dimensional  slipping  region  (c0/a0)  versus  the  non-
dimensional shear force (Q/ µ*P) are presented against equation (3).

a function of the characteristic length of the element (length scale). In our study, maximum elastic slip distance (γcrit)
was set to 0.005 times the element characteristic dimension: i.e., length scale of an element (ABAQUS, 2004). Non-
contact elements were given zero traction boundary conditions. The response of the ABAQUS model versus equation
(3) is presented in Figure 4(b). The inset images in Figure 4(b) show the sticking elements (red) and sliding elements
(green) the non-dimensional shearing force (Q/ µ*P) was increased. We note that slip displacements in this model were
to be

space  ks

spacefor

space  * *

space(4)
spacedependent on the local normal stress σ* (Selvadurai and Glaser, 2015a); a feature that affected the experimental
spacewhere σ* is the normal stress on the individual element
and the shear stiffness ks = μ*σ*/γcrit. The local coefficient of friction μ* (0.5 for all simulations reported here) and the
maximum elastic slip distance γcrit was specified to be

spaceresults (mentioned in Section 4).
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Fig. 5 (a) The computational mesh and far-field loading conditions (ux) use to increase shear stresses along the frictional interface.
(b) The frictional interface (W x L) with asperity sizes and locations taken from the pressure sensitive film. Asperities (red) obeyed
the finite friction formulation (µ* = 0.5) given by equation (4) whereas green elements were frictionless µ* = 0.

5.2. spaceMultiple asperity interface
The computational mesh used for the multiple asperity model is shown in Figure 5(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). Shear stress along the fault was increased by incrementally increasing the far-field displacement (ux =
Δstep) shown by red arrows in Figure 5(a). The model had elastic properties of PMMA (E = 3200 MPa and ν = 0.32) and
incremental strains were computed using

d *  d 
spaceis composed of 172 circular asperities (red) surrounded by the frictionless interface (green). Due to computational
restrictions, only  larger asperities with  areas  exceeding
0.2 mm2 were modeled. We performed simulations for a range of prescribed asperity normal stress (σ* = 50, 70, 90
MPa) where each of the  172 asperities had this  same prescribed boundary conditions.  Elements were forced into
slipping  states  by  increasing  the  far-field  displacement  Δstep from  0  to  100  µm  in  1  µm  increments.  Due  to
computational constraints, only a small section of the interface along the x-direction (dimensions L = 75 mm x W =
12.7 mm) was numerically modeled. The off-fault

spacedij 

spaceij 2G

spacekk    ij , 2G(3*  2G)

space(5)
spacedistance in the z-direction was B = 100 mm.

spacewhere  λ*  is the Lamé’s first parameter,  G  is the shear modulus (2425 MPa) and summation over the repeated
indices is implied.



Pressure sensitive film measurements 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 5(b)
6. spaceNUMERICAL RESULTS

6.1. Local transition from stick to slip
Figure 6 shows snapshots of the quasi-static evolution of contact patches from stick (red) to sliding (green) for various
levels of far-field displacements (Δstep) at an asperity normal stress of σ* = 90 MPa. These simulation are strictly quasi-
static but we defined a transient portion of the simulation as loading steps where any interfacial

spaceelement remained in the stuck (red) state. Steady state was defined when all elements, on all fricitonal asperities,
experienced pure  sliding  (green). Once the system had attained steady state, no changes in the deformation  gradient
(Timoskenko and Goodier,  1970) were observed. This meant that  any increase in far-field displacement resulted in no
change in the total shear force and simply increased the total level of slip along the interface.

From Figures 3(a), 5(b) and
6 we note that smaller asperities occupied the lower (y  < 0) sections of the fault. These asperities entered a  sliding
regime before  the  larger  asperities,  which dominated  the  upper  section  of  the  fault  (y  > 0).  For  the  loading  step
corresponding to Δstep = 36 µm, the lower section of  the fault had entered a  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 Δstep and (ii) the increase in slip across the asperity populations along the lower section
(described by the contour lines in Figure 6). As the far-field displacement   increased, individual

space

Fig. 6 Results of the simulation calculated at asperity normal stress σ* = 90 MPa. Contour lines define the slip displacement field at
five steps (Δstep = 0, 36, 65, 87 and 91 µm) of the loading cycle. As loading increased the number of elements stuck elements (red)
decrease as they enter a sliding state (green).

captured in this unique model provides the dissipative
spacecontacts in the upper partially ‘locked’ region entered the steady sliding regime. In the multiple asperity model, the
spatial ordering did not align itself sequentially in the direction of shear loading due to the heterogeneous distribution of
asperity (sizes and locations).  This  displays the elastic,  off-fault  communication occurring between the leading and
trailing region of the  asperity  population. This level of communication is directly related to the ability of the asperity



population to resist shear rupture. We would like to investigate the effects a foreshock may introduce on the ability of
asperities to communicate but first we must describe the faults constitutive response.

6.2. Constitutive response for the multiple asperity model
In this section we show the hysteretic response of the interface under a cyclical far-field loading conditions. While
cyclical loading does not happen in nature, this topic may be of interest to other fields where frictional processes are at
play (e.g., clutches, brakes, bearings, etc.). As we will see, the hysteretic nature of friction

spaceenergy released; an important feature when quantifying frictional heating – a large portion of energy released
during an earthquake (Scholz, 2002).

To model the constitutive response of the multiple asperity interface (Figure 5), a cyclical loading scheme was
employed. Cyclical loading was applied as follows: the far-field loading surface (see Figure 5(a)) was first displaced to
the position ux = 75 µm (+1 µm increments = 75 steps), then unloaded in the position ux =
-75 µm (-1 µm increments = 150 steps) and, finally, re- loaded to  ux = 75 µm (+1 µm increments = 150 steps). The
nominal normal stress σ0 was calculated by summing the forces in the z-direction caused by the local asperity normal
stress σ* = 90 MPa, which was then divided by the total faulting area in the simulation (L x W = 952.5 mm2).

The non-linear constitutive relationship between average shear stress  to average slip  is shown in Figure 7.
The average slip  was calculated as the magnitude of slip between the x- and y-directions (i.e.

space

Fig. 7(a) Traction-slip relationship for the fault confined to the same normal stress but cyclically loaded to Δstep ± 100 µm (blue line),
± 75 µm (yellow line) and ± 50 µm (orange line). (b) The effect of high (blue-solid) and low (orange-dashed) normal stresses on 
the traction-slip relationship for identical levels of cyclical loading.

space

 2   2   2 ) averaged for every integration point along

the interface. Again, we assumed that there is no fault dilatation (δz = 0). The average shear stress  was calculated as
the magnitude of shear tractions between the

x



zx- and yz-directions (i.e.  2   2    2 ) averaged over every numerical integration point along the interface.

Figure 7(a) shows the relationship between average shear stress and average slip for cyclical loading conditions
along the fault at constant nominal normal stresses of σ0 = 7.28 MPa (caused by asperity normal stress σ* = 90 MPa).
For the case where cycling occurs between ux = ±100 µm (blue line), the slope of shear stress

spaceand 60 MPa, respectively. For each case, the same amount of far-field loading was prescribed ux = ±75 µm. We
see that at lower levels of normal stress the fault ‘broke’ all the contacts (  d /  d  0 ) causing higher levels of
dissipation D than at higher loads.

6.3. Effect of a foreshock on bulk constitutive response  Effects of the sudden removal of a load bearing and
stuck asperity on the stress-slip relationship is discussed here. We assume this is similar to the sudden stress
drop observed when an asperity fails and a foreshock is produced. We must first describe the source physics
because we employ a quasi-static solver and no inertial effects are treated in these calculations -- dynamic
failure

spacewith respect to sliding becomes zero (i.e. dspace
/ d  0 ) at

space(i.e. production of seismsic waves) is not modeled. We
spacethe  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 and the deformation gradient in the model is zero. As the fault was
unloaded,  residual  slip  affected  the  traction-slip  response  which  follows  a  hysteresis  loop.  The  bounding  area  D
represents the dissipative energy expended (see hatched region in Figure 7(b)). Larger values of D are apparent when
more frictional sliding occurs along the interface and is indicative of higher amount of dissipative energy released. For
the case with less loading ux = ± 75 µm (yellow line) and ux = ± 50 µm (orange line), the fault was not driven to its full
sliding state ( d / d  0 ) and this resulted in less frictional sliding and lower amounts of dissipative energy release.
Figure 7(b) examines the effect of normal stress on the friction response traction- slip response. High σ0 = 7.28 MPa
(solid-blue line) and low σ0 = 4.87 MPa (dashed-orange line) normal stress corresponded to asperity normal stresses of
σ* = 90 MPa

spacechose to examine the effects of the instantaneous relief of friction on an asperity and the subsequent quasi-static
stress perturbations to its surroundings. No viscoelastic stresses changes were calculated after the simulated foreshock
in this basic model, although viscoeslatic after- slip (Barbot and Fialko, 2010) following foreshocks has been thought to
trigger the main shock on natural faults (Ando and Imanishi, 2010; Yagi et al., 2014).

We must first describe the procedure for the cyclical loading case where far-field loading ranges from ux = ± 74 µm.
The nominal normal stress was σ0 = 7.28 MPa (σ*
= 90 MPa) and at 50% of the first loading cycle a FS was simulated. The FS was simulated by ‘removing’ an asperity,
i.e. setting its frictional state to µ* = 0. The ‘foreshocking’ asperity for our simulation is highlighted in Figure 8(a).

spaceNumerical  steps regarding the cyclical  loading cycle with a ‘foreshocking’ asperity,  shown in Figure 8, is  as
follows:

(i) The far-field loading surface is displaced in a quasi-static manner to ux = +37 µm (+1 µm increments = 37 steps
and 50% of the overall loading cycle).  The  state of all faulting elements (i.e. stuck versus sliding)  is  shown in
Figure 8(a) for this instant.

(ii) Now the foreshocking asperity was removed “instantaneously”. To simulate an
instantaneous unloading of the asperity, frictionless conditions were given to the asperity 
while the far-field
displacements were maintained at ux = +37 µm (50% of the overall loading cycle) until ABAQUS had solved for
the new equilibrium stresses and strains. The numerical scheme used     remained     the

space

zx



Fig. 8(a) Cyclical loading of the multiple asperity model for the loading case ux = ± 75 µm at nominal normal stress of σ0 = 7.28 MPa
(σ* = 90 MPa) and shown here at 50 % of the first loading (i.e. ux = +37.5 µm). Highlighted is the stuck asperity with radius rFS = 1
mm. This asperity was removed at 50% of the first loading cycle to simulate a FS observed in the experiment. (b) The constitutive
response without a foreshock (blue) and with the foreshock (red) for the same conditions shown in (a). (c) Detail A and (d) Detail B
enhance the stress-slip relationship at the time of the foreshock. The inset image shows that the FS does cause a perturbation in the
bulk constitutive behavior.

faulting area (~12.7 mm x 75 mm) and AFS is the
spacequasi-static solver but time stepping was chosen by ABAQUS for convergence purposes.

(iii) Once equilibrated, the far-field loading was continued from ux = + 37 µm to ux = + 74 µm (in + 1 µm increments =
37 steps). The cyclical loading to ux = - 74 µm then back to ux = + 74 µm occurred similar as to in Figure 7 but
now the foreshocking asperity remained frictionless.

Figures 8(b), (c) and (d) show the variation in constitutive response of the multi-asperity interface for simulations with
no FS (blue line) and with FS (red line). We see through Detail A and Detail B that only a very small change has
occurred to the macroscopic response from the the static stress perturbation of the FS. Looking at the stress dropped
from the FS we can calculate two values:
(i) the macroscopic stress drop averaged over the fault in its entirety Δτ0 = ΔQFS/A0 and (ii) averaged over the asperity
itself Δτ* = ΔQFS/AFS, where ΔQFS is the numerically calculated shear force dropped from before and after the foreshock,
A0 is the numerically simulated

spaceforeshocking asperities area (π∙(1 mm)2). Numerically we found Δτ0 = 0.0169 MPa and Δτ* = 2.02 MPa. We see
that there is a discrepancy between shear stress drop estimates over the entire fault and that localized to the asperity
(Δτ*/ Δτ0 ~ 119).

Slip and stress redistribution along Transect A in Figure 8 before and after the foreshock is shown in Figure
9. Figure 9(a) shows the magnitude of slip along Transect A before (black) and after (red) the foreshock. The centroid
of the foreshocking asperity is shown with the blue star. We see that slip near the foreshocking asperity  increases,
loading the neighboring sections of the fault. The average slip on the asperity was  *  = 0.95 µm making the scalar
seismic moment M0 = G∙AFS  *  =
6.842 x 10-3 N∙m (Mw ~ -7.44). Recent laboratory studies (Goodfellow and Young, 2014, McLaskey and Lockner, 2014;
McLaskey  et  al.,  2014)  have  found  that  foreshocks  rock-rock  interfaces  in  the  laboratory  have  similar  moment
magnitudes (Mw ~ -7.7 to -5.5) estimated  using

spaceBrune’s relationship (Brune,
1970) from their seismicity. Examining



the overall slip change over the entire
interface 0

=   0.06   µm   we   estimate   the  scalar
seismic moment to be M0 = G∙A0 0 =
space0.1247 N∙m (Mw ~ -6.7).  These calculations emphasize the importance of properly characterizing the source size
when interpreting seismic data (Beresnev, 2001). Moreover, with a better understanding of the strength heterogeneities,
it is possible to develop a better understanding of the (static) stress transfer to nearby asperities. Figure 9(b) looks at the
shear stress distributions along Transect A before and after the foreshock; specifically, τxz before (black), τxz after (red), τxy

before (green) and τxy after (blue). The largest shear stress drop is over τxz where stress drops at the asperity and this leads
to local increases in shear stress at ~10 to 15 mm in both directions away from the foreshock. We note that at greater
distances, little perturbation in stress are

space

Fig. 9(a) Slip before (black) and after (red) foreshock along Transect A in Figure 8. The star indicates the location in the x-direction of
the centroid of the foreshocking asperity. (b) Shear stress along the same transect as in (a).

and Glaser, 2015a) led us to construct a model that can
spaceobserved (distances > 15 mm). While this study is preliminary, understanding of the spatial extent of these stress
perturbations may help us determine subtle differences in nucleation styles.

7. DISCUSSION

Much effort has been made in seismology (see
e.g. Ohnaka, 1992, Ellsworth and Beroza, 1995, Dodge et al., 1996, Noda et al. 2013) to understand the difference
between two nucleation styles that, seismically, are in- differentiable. The two overriding styles are the  cascade  and
preslip models. While the seismicity caused by both styles are identical (Ellworth and Beroza, 1995), the preslip model
may be used to map the size of a growing shear rupture (see Figure 1(a)). This in combination with equation (2) could be
used to better estimate seismic hazard and possibly earthquake prediction. Conversely, the cascade model implies that
each  foreshock  triggers  the subsequent foreshock, which eventually culminates in  the  main  shock  –  the  growing
nucleation zone is not the cause of the foreshocks sequences and they cannot be used in conjunction with equation (2) to
help in  seimsic  hazard estimates.  Determining which style  prevails  requires  an understanding of how and strength
heterogeneities exist (material properties, sizes, locations,  etc.)  and  their  level  of  communication  in  terms  of  a
mechanical constitutive response.

8. CONCLUSIONS

Experimental observations of a slow shear crack expanding in a direct shear friction apparatus (Selvadurai

spacebetter understand the complex stress states arising on a preexisting fault.  Local strength at the tip of a shear
rupture  was  modeled  in  a  heterogeneous  manner  using  asperities  that  varied  in  frictional  properties  from  their
surroundings. Asperities represented strength heterogeneity and were measured experimentally using a pressure
sensitive film that provided their locations and sizes along the fault – the distribution was not chosen by the modeler –



it was a results of the coming together of the two rough surfaces and, therefore must have been controlled  by processes
described in the context of contact mechanics.

The  Cattaneo  (1938)  partial  slip  asperity  was  validated  using  finite  elements  against  traditional  contact
mechanics solutions. Using this solution, we then constructed a multiple asperity interface using the experimental data
from the pressure film. The model showed that as bulk shear stress was increased along the fault, slip accumulated
heterogeneously and was dependent on the asperity distributions. By loading the fault in a cyclical manner, we were
able  to  characterize  the  constitutive  behavior  and frictional  dissipation during the  faults  hysteretic  response.  This
normal stress- dependent constitutive relationship may be helpful to both the fields of engineering and seismology.

Finally, an attempt was made to simulate the static stress changes caused by foreshocks within the shear rupture
recorded acoustically by Selvadurai and Glaser (2015a). The sudden removal of a larger load bearing asperity caused a
local shear stress drop

spaceequivalent to an Mw -7.4 earthquake. To compensate for the stress drop local large asperities (i.e. within ~ 15 radii
to  the  source)  experienced small  increases  in  shear  loading  while  no significant  stress  perturbations  were realized
beyond this. This model investigates how shear stress breakdown occurs within a cohesive region of an advancing shear
rupture composed of strength heterogeneities. Models, such as this study, may lay the groundwork for understanding
specifics  features of shear rupture  nucleation  and,  with proper laboratory investigations,  could better  asses  seismic
hazard.
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