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Abstract

The near-field ground motion signatures associated with sub-Rayleigh and supershear ruptures are

investigated using the laboratory earthquake experiment originally developed by Rosakis and co-

workers (Xia et al., 2004, 2005a; Lu et al., 2007; Rosakis et al., 2007). Heterodyne laser interfer-

ometers enable continuous, high-bandwidth measurements of fault-normal (FN), fault-parallel (FP),

and vertical (V) particle velocity “ground motion” records at discrete locations on the surface of a

Homalite-100 test specimen as a sub-Rayleigh or a supershear rupture sweeps along the frictional

fault. Photoelastic interference fringes, acquired using high-speed digital photography, provide a

synchronized, spatially resolved, whole field view of the advancing rupture tip and surrounding

maximum shear stress field.

The first phase of experimental investigations examine and verify the ground motion signatures of

supershear ruptures. Experimental results demonstrate that a shear Mach front produced by a stable

supershear rupture is characterized by a dominant FP velocity component. The situation is shown

to reverse in the sub-Rayleigh rupture speed regime whereby the FN particle velocity component

dominates the ground motion record. Additional distinguishing particle velocity signatures, consis-

tent with theoretical and numerical predictions, and repeatedly observed in experimental records

are, (1) a pronounced peak in the FP velocity record induced by the leading dilatational field, which

sweeps the measurement station in advance of the shear Mach front, and (2) a pronounced velocity

swing in the FN record associated with the arrival of a trailing Rayleigh sub-Rayleigh (secondary)

rupture, which follows the arrival of the shear Mach front. Analysis of the particle velocity records

also confirms 2D steady-state theoretical predictions pertaining to the separation, attenuation, and

radiation partitioning of the shear and dilatational portions of the rupture velocity field components.
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The second phase of our experimental investigations re-examine the 2002, Mw7.9, Denali fault

earthquake and the remarkable set of near-source ground motion records obtained at (PS10), located

approximately 85 km east of the epicenter and just 3 km north of the fault along the Alaska pipeline.

Motivated by the analysis and interpretation of these records by (Ellsworth et al., 2004; Dunham and

Archuleta, 2004, 2005), we attempt to mimic the Denali strike-slip rupture scenario and replicate

the PS10 ground motion signatures using a laboratory earthquake experiment. The experiments

feature a left-to-right (west-to-east) propagating right lateral rupture within a Homalite-100 test

specimen with particle velocity data collected at a near-field station situated just above (north of) the

fault. Both sub-Rayleigh and supershear laboratory earthquake experiments are conducted using the

Denali PS10 configuration in order to compare and contrast the resulting particle velocity signatures.

Supershear laboratory records capture all of the prominent features displayed within the PS10 ground

motion records. Noted velocity signatures are correlated to the location of the rupture fronts and

their noted arrival times in the synchronized photoelastic image sequence. Scaling relationships are

also presented which transform the laboratory records through six orders of magnitude in time, to

match the scale of the PS10 ground motion records. The strong correlation between the scaled

experimental records and the actual PS10 ground motion records supports the hypothesis that the

Denali strike-slip fault exhibited a supershear burst.

Finally, we present a 2D steady state, stress-velocity formulation that relates the FP and FN

particle velocity records measured close to the fault, to the evolution of the stress tensor at the

same location. A locally steady-state condition is assumed within a restricted time interval in

order to invoke these relationships and estimate the dynamic stresses, σxx(t) and τ(t), at the near-

fault station. Dynamic stress measurements enable a new class of friction investigations using

the laboratory earthquake configuration. Experimental findings are presented, which capture the

temporal and spatial distributions of σxx and τ , evolution of the dynamic friction coefficient, and

velocity weakening behavior of a supershear slip-pulse.
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Chapter 1

Introduction

A natural earthquake is classified as supershear if it is surmised, generally with the aid of seismic

inversions, that the primary rupture spent some portion of its history in the rupture speed regime

Cs ≤ Vr ≤ Cp, where Vr represents the rupture speed, and Cs, Cp represent the crustal shear

(S) and dilatational, or pressure (P ) wave speeds, respectively. Rupture speed stability analyses

have been performed within the context of either self-similar crack growth (Andrews, 1976; Burridge

et al., 1979; Broberg, 1989) or by using steady-state, cohesive shear strength models (Samudrala

et al., 2002a,b; Rosakis, 2002; Dunham and Archuleta, 2004, 2005) under uniform background stress

and fault strength conditions. It is well established that once a rupture front has transitioned into

the supershear domain it will tend to favor a stable rupture speed regime V0 < Vr ≤ Cp with

Vr → Cp, given a sufficient rupture propagation distance in the case of self-similar growth. The

lower bound V0 of the stable regime is a function of the fault strength and may also depend upon

other system parameters, such as rate of velocity weakening and background stress. The minimum

value that V0 can assume, in the case of infinite fault strength, is V0 =
√

2Cs, in which case the

maximum extent of the stable rupture speed regime becomes
√

2Cs < Vr ≤ Cp. The rupture speed

domain Cs ≤ Vr < V0 is consequently regarded as an unstable rupture speed regime. Earthquakes

are otherwise generally classified as sub-Rayleigh, exhibiting a rupture speed bounded by Vr ≤ CR

with the rupture speed tending to approach the Rayleigh wave speed CR (Broberg, 1999; Rosakis,

2002). The rupture speed regime CR < Vr < Cs is forbidden since a rupture in this speed regime

would otherwise become a source rather than a sink of fracture energy (Freund, 1979; Broberg, 1989;
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Figure 1.1: Formation of sub-Rayleigh rupture and shear Mach fronts by the superposition of shear
wavelets emitted by a steady-state shear dislocation

Rosakis, 2002). The superposition of shear wavelets emitted by a steady-state, supershear rupture

front leads to the formation of a shear Mach front, which stems from the advancing rupture tip

and envelopes the surrounding medium along either side of the fault. Considerable insight into the

formation of a shear Mach front and the nature of the resulting displacement field along the front

is gained by recalling the solution for the far-field radiation pattern of the transverse component

of displacement resulting from a right lateral shear dislocation, also commonly referred to as the

double-couple solution in an infinite homogeneous medium (Aki and Richards, 2002)

The series of diagrams depicted in Figure 1.1 graphically demonstrate the formation of sub-

Rayleigh rupture and shear Mach fronts by the superposition of S-wave fronts emitted by a steady-

state right-lateral rupture. Figure 1.1a shows how the displacement field vectors lying tangent to

the arc of a circular S-wave front are oriented clockwise along the upper portion of the wave front
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corresponding to π/4 < φ ≤ π/2. The displacement field is maximum at φ = π/2, and continuously

decreases in magnitude along the S-wave front until vanishing at the nodal point corresponding

to φ = π/4. The displacement field vectors along the upper quadrant are thus characterized by a

dominant FP component. The nodal point at φ = π/4 also marks a reversal point in the displacement

field. Displacement field vectors lying tangent to the lower portion of the circular S-wave front are

now oriented counterclockwise as shown, featuring a continuous increase in magnitude starting from

the nodal point at φ = π/4 until a maximum value is attained at φ = 0. Note that the displacement

field vectors along the lower sector are now characterized by a dominant FN component.

Figure 1.1b depicts a steady-state, right-lateral shear dislocation emitting S-wave fronts as it

propagates from left to right along the horizontal axis. When propagating at a speed Vr ≤ CR,

(i.e., sub-Rayleigh rupture speed regime), the radiated S-wave fronts will tend to pile up to form

a locally concentrated field just ahead of the advancing rupture, as shown. The resulting velocity

field surrounding a sub-Rayleigh rupture, particularly in the region situated ahead of the rupture

tip, is thus characterized by a dominant FN component, corresponding to the dominant component

of motion along the contributing S-wave fronts.

The lower two diagrams in Figure 1.1 graphically depict how the circular S-wave fronts emitted

by a steady-state supershear rupture combine to form an inclined Mach front, which is tangent to

the continuum of shear wavelets, as shown. Any line drawn normal to the Mach front will necessarily

pass through the center of a contributing circular S-wave front that was emitted by the rupture at

an earlier time. The acute angle φ measured between the normal the Mach front and the fault plane

is naturally the same for all of the S-waves that combine to form a given Mach front. The resulting

displacement field ~us is thus oriented parallel to the shear Mach front, as shown.

Note that since the angle φ = π/4 corresponds to a nodal point along an S-wave front, it follows

that the Mach angle θ = π/4 represents a natural boundary in the supershear regime whereby ~us

is directed upward along the front for θ > π/4, as depicted in Figure 1.1c (i.e., φ < π/4), and is

otherwise directed downward along the shear Mach front for θ < π/4, as depicted in Figure 1.1d

(i.e., φ > π/4).
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The propagation direction of the shear Mach front is defined by a wave vector ~k, which is oriented

at an angle φ with respect to the fault plane as shown, while the resulting Mach cone half-angle,

measured with respect to the fault plane, is given by the familiar relation

θ = sin−1(Cs/Vr) (1.1)

where θ = π/2− φ.

Application of Eq. 1.1 reveals that θ = π/4 corresponds to the unique rupture speed Vr =
√

2Cs.

Consequently, |~us| → 0 as Vr →
√

2Cs since all of the contributing shear wavelets are nodal at the

point of tangency to the Mach front when φ = π/4. The complete disappearance of the shear Mach

front at this unique rupture speed and the resulting no-radiation condition is addressed in greater

detail in a later section.

u̇x
u̇y

Figure 1.2: Supershear rupture with shear Mach front, as revealed by photoelastic interference fringes,
shown crossing a particle velocity measurement station during a laboratory earthquake experiment

Continued application of Eq. 1.1 reveals that the Mach angle domain π/4 < θ ≤ π/2 corresponds

to the rupture speed domain Cs ≤ Vr <
√

2Cs, while sin−1(Cs/Cp) ≤ θ < π/4 corresponds to the

maximum stable rupture speed regime
√

2Cs < Vr ≤ Cp. Special cases of interest that set the lower

bound θmin = sin−1(Cs/Cp) are (1) Cp =
√

3Cs, often a good approximation for crustal rock, where

sin−1(1/
√

3) ≤ θ < π/4, and (2) Cp ≈ 2Cs, applicable to H-100 test specimens used in laboratory
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earthquake experiments, where sin−1(1/2) ≤ θ < π/4.

Near-field locations, which are swept by a shear Mach front are subject to unique forms of ground

motion, induced by various aspects of the radiated fields, which necessarily differ from classical sub-

Rayleigh ground motion. The nature of supershear ground motion and any features that distinguish

it from sub-Rayleigh ground motion form the basis of the experimental investigation contained in

this article. Ground motion signatures associated with sub-Rayleigh and supershear ruptures are

investigated using the Laboratory Earthquake Experiment developed by Rosakis and co-workers

(Xia et al., 2004; Rosakis et al., 2007; Lu et al., 2007, 2010). Heterodyne laser interferometers

(Lykotrafitis et al., 2006a) enable continuous, high-bandwidth measurements of FN and FP particle

velocity “ground motion” records at fixed locations on the surface of a Homalite TM(H-100) test

specimen as a sub-Rayleigh or supershear rupture sweeps along the frictional fault. Photoelastic

interference fringes, acquired using high-speed digital photography, provide a synchronized, spatially

resolved, whole-field view of the advancing rupture tip and surrounding maximum shear stress field.

Figure 1.2 captures the essence of the experimental strategy adopted in the current investigation.

A photoelastic image reveals a supershear rupture and associated shear Mach fronts which sweep

the medium to either side of the specimen fault. One of the Mach fronts is seen just crossing a

particle velocity measurement station on the surface of the specimen. The red arrows highlight

how a pair of laser beams are directed at nearly grazing incidence to the specimen surface and

brought to focus at the lower-right-hand corner of a measurement station. Simultaneous FN and

FP particle velocity records acquired at this location are analogous to ground motion measurements

recorded by an accelerometer station situated in the immediate neighborhood of an active fault.

Additional features such as a leading dilatational field lobe surrounding the rupture tip and the

trailing secondary rupture in the wake of the shear Mach cone are also revealed in the image.

A more-precise description of these features, along with a detailed discussion of the experimental

arrangement and optical diagnostics, are addressed in later sections. Results obtained through

experiments replicate and validate numerous supershear ground motion features predicted by both

theory and numerical analysis. Knowledge gained through these investigations not only validates and
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Year Location Mw

18 April 1906 San Francisco, CA 7.9
15 October 1979 Imperial Valley, CA 6.5
17 August 1999 Izmit, Turkey 7.6

12 November 1999 Duzce, Turkey 7.2
14 November 2001 Kunlunshan, Tibet 7.8
3 November 2002 Denali, Alaska 7.9

6 April 2009 L’Aquila, Abruzzo, Italy 6.3

Table 1.1: Natural earthquakes inferred to have been supershear events

ranks the fidelity of various theoretical and numerical predictions but can also provide an improved

understanding of frictional faulting processes. Laboratory earthquake experiments also serve to

emphasize the utility and potential payoff of acquiring ground motion measurements in the local

vicinity of active faults on the surface of the Earth.

There have been at least seven natural earthquakes, chronologically listed in Table 1.1, that have

been classified as, or at least conjectured to have been supershear events (Archuleta, 1984; Bouchon

et al., 2001, 2002; Bouchon and Vallee, 2003; Bouin et al., 2004; Ellsworth et al., 2004; Dunham and

Archuleta, 2004; Robinson et al., 2006; Song et al., 2008; Ellsworth and Chiaraluce, 2009). Most of

these large-magnitude events occurred in long and relatively straight fault segments, and at least two

(Mw7.8 Kunlunshan, Tibet, and Mw7.9 Denali, Alaska) featured a well-documented transition from

sub-Rayleigh-to- supershear speeds. Some of the necessary conditions, which increase the likelihood

for a fault segment to host a supershear earthquake rupture have been studied by (Robinson et al.,

2006) and (Das, 2007).

In all events listed in Table 1.1, finite fault inversion techniques, constrained by geodetic and/or

seismic data, were applied to estimate the rupture velocity history, so as to infer where and when

along the fault the rupture may have transitioned into the supershear domain. In some of these

cases there is compelling field data to support this assertion. Generally speaking, however, there is

an overall scarcity of reliable near-field ground motion records, thus placing a heavy reliance upon

the use of seismic inversion techniques in order to conclude whether most of the events listed in

Table 1.1 were supershear earthquakes. A notable exception in the list is the 2002 Mw7.9 Denali,
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Alaska, earthquake, in which case a unique set of near-field ground motion records signal the passage

of a supershear rupture followed by a secondary slip pulse (Dunham and Archuleta, 2004, 2005).

Motivated by the unique features contained in these ground motion records and by a dynamic rupture

simulation of the event conducted by (Dunham and Archuleta, 2004, 2005), a series of laboratory

earthquake experiments were conducted in an attempt to replicate the Denali near-source ground

motion signatures using a model test specimen. Particle velocity records bearing a striking similarity

to the Denali ground motion records are presented and discussed.

The final chapter presents a 2D steady-state, stress-velocity formulation derived from complex

elasticity theory, which relates the in-plane particle velocity components measured close to the

fault, to the evolution of the stress tensor at the same location. A locally steady-state condition

is assumed within a restricted time interval in order to invoke these relationships and measure the

dynamic stresses, σxx(t) and τ(t), within the dynamic rupture slip zone. Dynamic stress measure-

ments obtained in this manner represent a new dimension to the laboratory earthquake experiment

originally developed by (Xia et al., 2004; Xia, 2005), and enable a new class of dynamic friction

investigations. Experimental findings are presented, which capture the evolution of the dynamic

coefficient of friction, and demonstrate velocity weakening behavior on the sub-microsecond time

scale.
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Chapter 2

Theoretical Foundations:
Near-source ground motion
signatures of sub-Rayleigh and
supershear fault ruptures

2.1 Spectral representation of radiated wave fields arising

from a steady-state shear dislocation

Recent theoretical and numerical investigations of supershear ruptures in 2D (Dunham and Archuleta,

2005; Bhat et al., 2007) and in 3D (Dunham and Bhat, 2008) show that ground motion due to the

passage of the Mach front is virtually unattenuated at large distances from the fault. This conclusion

is qualitatively consistent with high-speed photoelastic images of supershear ruptures, which extend

out to large distances from the rupture tip (Rosakis et al., 1999; Rosakis, 2002; Lu et al., 2007).

In their numerical 2D steady-state supershear slip-pulse model, (Dunham and Archuleta, 2005),

showed that the supershear rupture S-wave spectrum is transported out to infinity along Mach line

characteristics emanating exclusively from within the slip zone. Supershear ground motion records

gathered far from the fault should thus contain detailed information about the frictional faulting

process, in stark contrast to the sub-Rayleigh ground motion records, which suffer rapid attenuation

with increased off-fault distance and reveal little information about the rupture source spectrum

(Dunham and Archuleta, 2005).



9

The Fourier-transform-based spectral representation of the radiated wave fields arising from a

steady-state sub-Rayleigh rupture pulse which is presented here augments these earlier studies.

The analysis clearly reveals how an on-fault rupture pulse source spectrum is rapidly stripped of

its high-frequency content with increased off-fault distance, thus leaving little chance of extracting

detailed information about the breakdown zone from off-fault ground motion records. A similar

analysis applied to a 2D supershear rupture pulse is also presented below, which reveals how the

S-wave source spectrum remains fully preserved out to infinity, implying that off-fault ground motion

records contain detailed information about the frictional faulting process.

2.1.1 Characteristic decay of shear and dilatational radiation fields for

sub-shear (Vr ≤ Cs) and intersonic (Cs ≤ Vr ≤ Cp) dislocation speed

regimes

Elastic wave fields may be separated into dilatational (irrotational) and shear (rotational) parts, each

governed by the wave equation and an appropriate wave speed. For the sake of clarification, we note

that dilatational waves, primary waves, and pressure (P) waves are all synonymous in the context

of this discussion. Adopting the Poisson representation, the displacement field may be expressed as

~u = ~up + ~us (2.1)

where ~up and ~us represent the dilatational (P) and shear (S) displacement fields, respectively. Each

displacement field component is in turn governed by the wave equation (Freund, 1990) provided that

∇× ~up = 0 (2.2)

∇ · ~us = 0 . (2.3)

Consider a 2D rupture propagating along a frictional fault coinciding with the x-axis of a Cartesian

coordinate system. By imposing the steady-state assumption and taking the origin of a new coor-
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dinate system (ξ1, ξ2) to coincide with the rupture front, the governing wave equation expressions

become two-dimensional in ξ1 = x− Vrt and ξ2 = y under a Galilean coordinate transformation. A

general field quantity f(ξ1, ξ2) (which may represent any stress or particle velocity field component),

associated with a rupture speed Vr, may therefore be expressed as

f(ξ1, ξ2) = fp(ξ1, ξ2) + fs(ξ1, ξ2) (2.4)

where fp represents the dilatational contribution to the field quantity, and fs corresponds to the

shear field contribution. The general 2D spectral representation of f j(ξ1, ξ2) is given by the inverse

Fourier transform

f j(ξ1, ξ2) =
1

2π

∫ ∞

−∞

∫ ∞

−∞
f̂ j(kx, ky)×

ei[kxξ1+kyξ2]dkxdky (2.5)

where j = p or j = s, and the frequency variables kx and ky are the Cartesian components of the

plane wave propagation vector

~k = kx~e1 + ky~e2 (2.6)

corresponding to each of the field quantities fs or fp, respectively. The angular frequency ωj and

the wave number k = |~k| are related through the dispersion relation

ω = Cjk (2.7)

where we omit the use of subscripts for ω and k, and Cj represents the wave speed Cp or Cs,

corresponding to the field component of interest. Next, consider that the propagating rupture is a

source of waves moving along the x-axis at speed Vr, in which case the fault-parallel phase velocity

equals the steady-state rupture speed, hence

ω = kxVr (2.8)
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where kx = 2π/λ. Combining Eq. 2.8 with the general dispersion relation Eq. 2.7 establishes a

unique relationship between kx and ky given by

ky = iαjkx (2.9)

where

αj =

√
1− V 2

r

C2
j

. (2.10)

Note that αj remains a real quantity if Vr ≤ Cj . In particular, αs remains real when rupture speeds

are sub-shear, while αp remains real when the rupture speed is sub-sonic. Moreover, since ky is

now expressed in terms of kx, the general 2D spectral representation of f j(ξ1, ξ2) given by Eq. 2.5

simplifies to

f j(x, y) =
1√
2π

∫ ∞

−∞
e−αj |kxy|f̂ j(kx)eikx(x)dkx (2.11)

where t = 0 is now taken for the sake of convenience such that ξ1 = x − Vrt = x, and ξ2 = |y|

assures an exponential decay of the spectral field components with increased FN distance. The form

of Eq. 2.11 corresponds to the representation of an evanescent wave in the Fourier domain. Rigorous

derivations of evanescent wave fields arising from sub-Rayleigh ruptures have been previously estab-

lished for a dislocation source model (Aki and Richards, 2002), as well as for dynamic rupture models

(Kostrov, 1966; Kostrov et al., 1969; Kostrov and Nikitin, 1970; Freund, 1990; Broberg, 1999). Next,

note that the source spectrum representation of the field component f j(x, y) is obtained by setting

y = 0 in Eq. 2.11, in which case

f j(x, 0) =
1√
2π

∫ ∞

−∞
f̂ j(kx)eikx(x)dkx . (2.12)

It then follows from the convolution theorem that

f j(x, y) =
1√
2π

∫ ∞

−∞
f j(x− ξ, 0)h(ξ, y)dξ (2.13)
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where ξ is the integration variable and

h(ξ, y) =
1√
2π

∫ ∞

−∞
e−αj |kxy|eikxξdkx (2.14)

represents the effective “impulse response” of the surrounding 2D linear elastic medium. An explicit

form of the impulse response function, obtained by evaluating the Fourier transform expression (Eq.

2.14), is given by

h(ξ, y) =

√
2
π

[
αjy

(αjy)2 + ξ2

]
. (2.15)

The magnitude and subsequent decay of the radiated P- and S-wave field contributions of a given

stress or particle velocity field component with increased FN distance y from a steady-state sub-

Rayleigh rupture is thus governed by the convolution of the corresponding on-fault (source) field

strength with the 2D impulse response function h(ξ, y).

The radiated P-wave and S-wave fields arising from a rupture source are generally superimposed

and not easily decomposed. The relative contribution of each radiation term at a given off-fault

location is therefore difficult to assess unless a unique condition arises whereby one of the contributing

field terms is absent. Such is the case, for example, at a field point taken sufficiently far from the

fault where the dilatational field contribution has essentially vanished in comparison to the shear

field radiation term. Another unique case applies to the dilatational field radiated by a supershear

rupture (Cs ≤ Vr ≤ Cp), in which case the field strength outside of the shear Mach cone is described

by the sub-sonic (j = p) form of the convolution integral Eq. 2.13. This point is re-addressed

later in relation to experimental measurement of supershear ground motion signatures. Note that

the evanescent wave field description, as expressed by Eq. 2.13, is strictly applicable to ruptures

propagating under steady-state conditions. In fact, (Madariaga, 1977) showed that a decelerating

or an accelerating rupture can emit high-frequency radiation into the medium and may no longer

be subject to the above attenuation relationship. Bearing this point and other possible steady-state

rupture scenarios in mind, Eq. 2.13 nonetheless effectively demonstrates how a stress or particle

velocity field component arising from a sub-Rayleigh rupture is destined to attenuate with increased
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FN distance. The result further demonstrates how high-frequency content from a sub-Rayleigh

rupture pulse source spectrum is rapidly stripped away with increased FN distance, thus making it

very difficult to obtain detailed information about the breakdown zone from off-fault ground motion

records (Dunham and Archuleta, 2005).

2.1.2 Non-decaying nature of shear radiation fields emitted by a supers-

hear dislocation (Cs ≤ Vr ≤ Cp)

In the case of a supershear rupture Cs ≤ Vr ≤ Cp, a unique condition arises whereby αs becomes

imaginary while αp remains real. It is then convenient to define the quantity

βs =

√
V 2
r

C2
s

− 1 (2.16)

in place of αs, which remains real for Cs ≤ Vr ≤ Cp, in which case

ksy = βsk
s
x (2.17)

where the superscript s is now included in order to reinforce the fact that Eq. 2.17 applies strictly to

the S-field contribution fs(x, t) while the dilatational field contribution fp is still subject to decay

as previously described. Substituting Eq. 2.17 for ky in Eq. 2.5 leads to a spectral representation of

the shear field contribution given by

fs(ξ1, ξ2) =
1√
2π

∫ ∞

−∞
f̂s(kx)eikxξ1eikxβsξ2dkx . (2.18)

Note the absence of an attenuating factor in the Fourier transform relation, which clearly distin-

guishes this result from the sub-Rayleigh result Eq. 2.11. Application of the Fourier transform shift

theorem now yields

fs(ξ1, ξ2) = fs(ξ1 + βsξ2) (2.19)
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Figure 2.1: S-wave radiation from a supershear slip pulse propagated out to infinity along character-
istics (Mach fronts)

implying that the S-wave field remains unattenuated and radiates out to infinity along characteristic

lines stemming from the rupture front defined by

ξ1 + βsξ2 = C . (2.20)

Note that C = 0 since the origin of the coordinate system (ξ1, ξ2) is situated at the rupture tip. The

equation of a characteristic line, which emanates from the rupture tip is thus given by

ξ2 = − 1
βs
ξ1 (2.21)

from which it follows that

tan θ =
1
βs

(2.22)

where θ is the acute angle between the x-axis and the S-wave characteristic as depicted in Figure

2.1. Finally, from the definition of βs, as expressed through Eq. 2.16, it is straightforward to show

that

tan θ =
Cs/Vr√

1− C2
s/V

2
r

(2.23)
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Figure 2.2: Curved Mach-front profiles resulting from decelerating or accelerating supershear ruptures

which corresponds with the Mach cone half-angle relation Eq. 1.1. The S-wave field characteristics

extending from the front and rear of the slip zone out to infinity are evidently Mach fronts, which

bound the radiated S-wave field, as depicted in Figure 2.1. The figure assumes t = 0 for the sake

of convenience such that ξ1 = x − Vrt = x and ξ2 = y. Note that the particle velocity and stress

field components lying outside of the shear Mach cone must be purely dilatational in character and

are therefore subject to attenuate in accordance with Eqs. 2.13 and 2.15, since αp remains a real

quantity. This point is emphasized by the point labeled (x2, y2) in Figure 2.1. The results further

imply that the near-field region bounded by the leading and trailing slip zone Mach fronts comprises

the unattenuated S-wave field and a superimposed, attenuating dilatational field as depicted at

(x1, y1) in Figure 2.1. Finally, at field points located far from the source where the dilatational field

has decayed away, such as the point labeled (x3, y3) in Figure 2.1, the field quantity f(x3, y3) is

shear-field dominated and is essentially a scaled replica of the on-fault slip distribution (Dunham

and Archuleta, 2005).

The notion of perfectly planar Mach fronts arising from a steady-state 2D rupture is a useful

idealization. In actuality, a propagating supershear rupture may very well exhibit an unsteady
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rupture velocity history, characterized by an accelerating or decelerating rupture front, thereby

leading to a curved Mach-front profile as depicted in Figure 2.2. In such cases the angle θ formed

by a line drawn tangent to the Mach front at (x1, x2, t) is directly related to the rupture velocity at

an earlier point in time (x
′

1, 0, t
′
) in accordance with Eq. 2.24. In geometric terms, (x

′

1, 0, t
′
) is the

point of intersection along the fault with a normal line drawn from the point of tangency (x1, x2, t)

along the Mach front as depicted in the figures.

θ(x1, x2, t) = sin−1

[
Cs

Vr(x
′
1, 0, t

′)

]
(2.24)
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2.1.3 Analysis and interpretation of dislocation shear Mach fronts in the

plane wave basis

Recall once again the inverse Fourier transform representation of an S-wave field quantity fs(ξ1, ξ2)

given by

fs(ξ1, ξ2) =
∫ ∞

−∞
f̂s(kx)ei[kxξ1+βskxξ2]dkx, (2.25)

arising from a 2D steady-state supershear rupture where ky = βskx. The supershear source spectrum

representation, expressed by Eq. 2.25 represents the integration of all plane wave components having

wave number k = 2π/λ, which collectively comprise fs(ξ1, ξ2) along the resulting shear Mach front.

The contribution from an individual plane wave component, having wave number k = 2π/λ, is

therefore given by

dfs(ξ1, ξ2) = f̂s(kx)ei[kxξ1+βskxξ2]dkx . (2.26)

This representation effectively defines the plane wave basis, which provides a convenient means of

analyzing the displacement or stress field components along a shear Mach front. Figure 2.3 depicts a

pair of planar shear Mach fronts stemming from a supershear slip pulse propagating in the positive

x-direction. A single plane wave contribution (of wavelength λ), to the shear displacement field

along the Mach front may then be expressed as

us(ξ1, ξ2;λ) = ûs(λ)ei[kxξ1+βskxξ2] (2.27)

where the differential notation has been dropped for the sake of convenience and the symbol

ûs(λ) = ûs(kx)dkx has been adopted to denote the fact that we are actually referring to a single

wavelength contribution of the entire plane wave spectrum. All of the wavelength contributions to

the displacement field us(ξ1, ξ2) along the shear Mach front are represented by similar plane wave ex-

pressions, which may differ in amplitude depending upon the functional nature of the rupture source

spectrum. The individual plane wave components, each defined by a wave vector ~k = (2π/λ)k̂, are

all superimposed in space with their unit vectors k̂ oriented normal to the shear Mach front and
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inclined at an angle φ with respect to the x-axis, as depicted in Figure 2.3. Note that t = 0 is

assumed for the sake of convenience, such that ξ1 = x − Vrt = x and ξ2 = y. Next, consider the

plane wave basis representation of the FP and FN displacement components, usx and usy, which may

be expressed as

usx(ξ1, ξ2;λ) = ûsx(λ)ei[kxξ1+βskxξ2]dkx (2.28)

usy(ξ1, ξ2;λ) = ûsy(λ)ei[kxξ1+βskxξ2]dkx . (2.29)

Invoking Eq. 2.3 along with Eqs. 2.28 and 2.29 in the plane wave basis leads to

∇ · ~usλ = ikxu
s
x(λ) + iβskxu

s
y(λ) = 0 . (2.30)

Substituting Eq. 2.17 then leads to

usx(λ) = −βsusy(λ) . (2.31)

The expression immediately reveals that |usy| > |usx| (FN component dominates over FP component)

when 0 ≤ βs < 1, corresponding to the rupture speed regime (Cs ≤ Vr <
√

2Cs), whereas |usx| > |usy|

(FP component dominates over FN component) when 1 < βs ≤
√

(Cp/Cs)2 − 1, corresponding to

the speed regime (
√

2Cs < Vr ≤ Cp). Special cases of interest that limit the upper bound of βs

in the stable rupture speed regime are (1) if Cp =
√

3Cs, often assumed for crustal rock, where

1 < βs ≤
√

2, and (2) Cp ≈ 2Cs, applicable to H-100 test specimens used in laboratory earthquake

experiments, where 1 < βs ≤
√

3. The two Mach angle domains bounded to either side of θ = π/4

are graphically depicted in Figure 2.4. Once again, t = 0 is assumed for the sake of convenience

such that ξ1 = x − Vrt = x and ξ2 = y. The right-hand diagram demonstrates how the fault-

parallel velocity component dominates over the fault-normal velocity component along the shear

Mach front in the stable supershear regime (θ < π/4), whereas the opposite case applies in the

left-hand diagram, corresponding to the unstable rupture speed regime (θ > π/4). Note as well

how the direction of the displacement vector ~us is depicted pointing upward along the shear Mach
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Figure 2.4: Range of Mach angles corresponding to each of the supershear rupture speed regimes

front in the left-hand diagram where θ > π/4, as opposed to pointing downward along the Mach

front, as depicted in the right-hand diagram where θ < π/4, in accordance with the sense of motion

of the contributing shear wavelets at points of tangency to the Mach front. Following the Poisson

displacement field decomposition Eq. 2.1, the radiated strain field tensor arising from a supershear

rupture may then also be expressed as the sum of shear and dilatational field contributions

εij = εsij + εpij . (2.32)

Application of the strain-displacement relations applied to the plane wave basis expressions (Eqs.

2.28 and 2.29) and combining with Eq. 2.31 leads to the strain field components of the S-wave field

term given by

εsxx(λ) = ikxu
s
x(λ) (2.33)

εsyy(λ) = −ikxusx(λ) = −εsxx(λ) (2.34)

εsxy(λ) =
iµkx

2
usx(λ)

[
βs −

1
βs

]
. (2.35)

Application of Hooke’s law and invoking the fact that εskk = 0 leads to S-wave field stress tensor

σsij(λ) = 2µεsij(λ) . (2.36)
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When Vr =
√

2Cs, corresponding to θ = π/4, it follows from Eq. 2.31 that usx = −usy, since βs = 1.

Combining this with the fact that ~us reverses direction at θ = π/4, in accordance with the double-

couple solution, as graphically reinforced in Figure 1.1, implies that usx = usy = 0 and thus ~us = 0 at

this unique rupture speed. Hence, by Eqs. 2.33, 2.34, and 2.35 it follows that σsij , will also vanish

when Vr =
√

2Cs, thus leaving only a dilatational stress field contribution, which curls around the

slip zone and eventually attenuates with off-fault distance. Simply stated, a supershear rupture will

not radiate any S-waves into the surrounding medium when Vr =
√

2Cs. The result is consistent

with the fact that the locus of points that collectively comprise the Mach front at this rupture speed

are the nodal points corresponding to φ = π/4 on the shear wavelets, as depicted in Figure 1.1. The

vanishing of all S-wave radiation at V =
√

2Cs, as motivated here using a simple spectral analysis,

also emerges from more rigorous elastodynamic solutions for a 2D steady-state rupture as addressed

in the following section.

A continuum-mechanics-based treatment of the significance of the rupture speed Vr =
√

2Cs

in isotropic, steady-state elastodynamics problems is found in (Liu et al., 1995) and (Gao et al.,

1999). In particular, the paper by (Liu et al., 1995) uses continuum mechanics to show that a shear

Mach front features jumps in shear stress and particle velocity. These jumps are shown to disappear

when the rupture speed reaches Vr =
√

2Cs. Consistent with the above discussion, the work of

(Gao et al., 1999) uses a continuum-mechanics approach to identify radiation-free stress states for

various steady-state, linear elastodynamics problems, including dislocations and cracks. Here again

the unique rupture speed Vr =
√

2Cs emerges as one which corresponds to “radiation free” growth

of dynamically propagating singularities.
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2.2 2D elastodynamic theory: Singular linear elastic solution

for a propagating shear crack

2.2.1 Particle velocity field arising from a shear crack in the sub-Rayleigh

rupture speed regime (Vr < CR)

(Freund, 1979, 1990) rigorously solved the 2D plane strain elastodynamic problem of a dynamically

propagating shear (mode II) crack in a linear elastic half-space. The problem was posed in a

Cartesian coordinate frame with the crack front oriented parallel to the x3 axis such that the

displacement field ~u = ~u(x1, x2). The crack was assumed to propagate strictly along the x1 direction

with crack-tip coordinates given by (x1 = l(t), 0), where l(t) is a continuous function of time. The

instantaneous crack-tip speed is then given by Vr(t) = l̇(t). A local coordinate system (ξ1, ξ2) was

then introduced with the origin selected to coincide with the crack tip, such that ξ1 = x1 − l(t)

and ξ2 = x2. A local polar coordinate system (r, θ) was also introduced, whereby r =
√
ξ2
1 + ξ2

2

and θ = tan−1(ξ2/ξ1). By imposing the steady-state assumption and taking the origin of a new

coordinate system to coincide with the crack tip, the governing wave equation expressions for the

dilatational displacement potential φ and shear displacement potential ψ become two-dimensional in

ξ = x−Vrt and ξ2 = y under a Galilean coordinate transformation. The derivation ultimately leads

to a standard Hilbert problem in analytic function theory, which is solved subject to the prescribed

traction-free boundary conditions on the crack surfaces, in order to obtain the asymptotic stress and

particle velocity field solutions. The singular elastic (asymptotic) solution for the particle velocity

field components u̇x(r, θ) and u̇y(r, θ) is given by

u̇x = −sgn(ξ2)
VrαsKII(t)
µD
√

2πr

[
2

sin 1
2θp√
γp
−

(1 + α2
s)

sin 1
2θs√
γs

]
(2.37)
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and

u̇y = −VrKII(t)
µD
√

2πr

[
2αpαs

cos 1
2θp√
γp
−

(1 + α2
s)

cos 1
2θs√
γs

]
(2.38)

where KII(t) is the instantaneous mode II stress intensity factor, µ is the shear modulus, and αs,

αp are given by Eq. 2.10. sgn(x) is the signum function, which is equal to +1 for x > 0 and −1 for

x < 0. The remaining factors D (known as Rayleigh function), θp, θs, γd, and γs are given by

D = 4αpαs − (1 + α2
s)

2 (2.39)

θp = tan−1(αp tan θ) ; θs = tan−1(αs tan θ) (2.40)

and finally,

γp =
√

1− (Vr sin θ/Cp)2

γs =
√

1− (Vr sin θ/Cs)2 . (2.41)

The algebraic sign of the coefficient of the singularity in the mode II particle velocity (and stress)

field expressions is controlled by the sign of the Rayleigh function (D). Note how D → 0 as Vr → CR,

and furthermore that D > 0 when Vr < CR, and D < 0 when CR < Vr < Cs. Careful inspection

of the (sub-Rayleigh) mode II field solutions (taking into account the sign of D) reveals that there

will be a net flux of energy into the crack tip whenever VR < CR, whereas a net flux of energy will

be directed out from the crack tip if CR < Vr < Cs. The latter scenario is rejected on physical

grounds leading to the conclusion that a sub-Rayleigh mode II crack is necessarily confined to the

sub-Rayleigh speed rupture speed regime VR < CR.
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2.2.1.1 Dominance of the fault-normal particle velocity component in the sub-Rayleigh

rupture speed regime (Vr < CR)

Figure 2.5 displays the particle velocity field ~u(ξ1, ξ2) in the immediate neighborhood of a dynamic

shear crack propagating at Vr = 0.875Cs. The colors correspond to |~̇u|, while the white arrows

of constant magnitude form a streak plot, which indicates the sense of motion throughout the

field. The plot corresponds to a right lateral shear rupture, as indicated by the sense of particle

motion above and below the crack plane (dashed black line in the figure). The most obvious and

striking feature of the result is dominance of the FN particle velocity component over the FP velocity

component for ξ1 > 0, as revealed by the inclination of the velocity vectors, which are predominantly

pointing in the vertical direction. Particle velocity records acquired at the two fictitious measurement

stations displayed in the figure are thus expected to exhibit a FN velocity swing, which dominates

in magnitude over the FP velocity swing, i.e.,

∣∣u̇ymax − u̇ymin

∣∣ >
∣∣u̇xmax − u̇xmin

∣∣, (Vr < CR) (2.42)

as the sub-Rayleigh crack-tip field sweeps through each respective station. Apart from the fact

u̇x

u̇y

u̇x

ξ2

ξ1

u̇y

Figure 2.5: The near-tip particle velocity field for a shear crack propagating at Vr = 0.875Cs

that there is a sharp singularity at r = 0 and that the equations lack a meaningful length scale,
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Figure 2.6: Singular elastic particle velocity field plots for a supershear crack propagating at (a)
Vr = 1.005Cs, (b) Vr = 1.250Cs, (c) Vr =

√
2Cs, (d) Vr = 1.650Cs. The white arrows of constant

magnitude form a streak plot, which indicates the sense of motion throughout the field.

the solution in the neighborhood of the advancing crack tip is nonetheless representative of the

particle velocity field resulting from a sub-Rayleigh rupture. Similar ground motion signatures

associated with sub-Rayleigh rupture propagation in natural earthquakes, which feature a dominant

FN motion component, were numerically demonstrated by (Aagaard and Heaton, 2004) using a

kinematic rupture model. Rigorous elastodynamic solutions, which consider the frictional fault

resistance between the shear crack faces and a cohesive (breakdown) zone ahead at the rupture

front, also lead to particle velocity field solutions featuring a dominant FN component, particularly

in the half-space ξ1 > 0 situated ahead of the advancing rupture front (Dunham and Archuleta,

2005). A major distinction of these solutions over the singular elastic solution for a propagating

shear crack, is the emergence of a meaningful length scale, resulting from an assumed length of the

break-down zone.
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2.2.2 Particle velocity field from a shear crack in the supershear regime

(Cs ≤ Vr ≤ Cp)

(Freund, 1979, 1990) also considered the elastodynamic solution for a dynamic shear crack propagat-

ing into the supershear rupture speed regime subject to the same coordinate frame description and

traction-free boundary conditions as were assumed in the sub-Rayleigh problem. The closed-form

solution that emerges for the particle velocity components u̇x and u̇y is conveniently expressed as

the sum of a dilatational and shear field contribution

u̇j = AVr(u̇
p
j + u̇sj) (2.43)

where j = 1, 2, and A represents a stress intensity factor. The dilatational field contributions to the

FP and FN particle velocity components are given by

u̇px =
sin(qθp)
rqp

; u̇py = −αp
cos(qθp)

rqp
(2.44)

with variables rp and q given by

rp =
√
ξ2
1 + (αpξ2)2 (2.45)

q =
1
π

tan−1

[
4αpβs

(2− V 2
r /C

2
s )2

]
. (2.46)

Note that 0 ≤ q ≤ 1/2 and that the value q = 1/2 is only attained when Vr =
√

2Cs, where the

S-wave field is known to vanish. Hence, the singularity introduced by the exponent q is notably

weaker than the r−1/2 singularity, which arises in the sub-Rayleigh solution.

The shear-field contributions to the FP and FN particle velocity components are given by

u̇sx = −sgn(ξ2)
β2
s

(
2− V 2

r

C2
s

)
sin(πq)

2βs(|ξ1 + βsξ2|)q
×

H(−ξ1 − βs|ξ2|) (2.47)
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and

u̇sy =
(2− V 2

r

C2
s

) sin(πq)

2βs(|ξ1 + βsξ2|)q
H(−ξ1 − βs|ξ2|) (2.48)

where sgn(x) is the signum function, which is equal to +1 for x > 0 and −1 for x < 0.

2.2.2.1 Particle motion along a shear Mach front and dominance of the fault-parallel

component in the stable supershear rupture speed regime (
√

2Cs ≤ Vr ≤ Cp)

The particle velocity field plots depicted in Figure 2.6 correspond to four different crack-tip speeds,

which collectively span the entire supershear rupture speed regime. Each plot corresponds to a right-

lateral rupture of a shear crack, which is represented by the dashed black line. The colors correspond

to |~̇u|, while the white arrows of constant magnitude form a streak plot, which only reveals the sense

of motion throughout the field. The plot in Figure 2.6a, corresponding to Vr = 1.005Cs, highlights

how the shear Mach angle approaches θ = π/2 in the limit that Vr → Cs. Note the dominance of

the FN particle velocity component over the FP component along the shear Mach front, as expected

in the unstable portion of the supershear rupture speed regime (Cs ≤ Vr <
√

2Cs). Care should be

taken not to confuse the sense of motion suggested by the vectors on the purely dilatational side

of the velocity field as indicative of motion along the shear Mach front. The direction and sense of

rotation of the vector field in the wake of the rupture, where the field is shear dominated, reveals

how particle motion is directed upwards along the shear Mach front. The particle velocity field

is evidently characterized by a sharp reversal in the particle velocity field across the Mach front

between the shear-dominated side and the purely dilatational region ahead of the Mach front.

Figure 2.6b corresponds to a supershear rupture speed Vr = 1.25Cs. Note how the Mach angle

has decreased with increased rupture speed but is still inclined such that θ > π/4, and that the

particle velocity field along the shear Mach front is still dominated by the FN component. Particle

motion along the shear Mach front is still directed upwards along the shear Mach front, as revealed

by the direction and sense of rotation of the velocity vector field in the wake of the rupture tip.

The shear Mach fronts in frames (a) and (b) are both shown crossing hypothetical particle

velocity measurement stations situated above and below the crack plane, with red and blue arrows
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representing the FN and FP velocity components, respectively. Particle velocity records acquired at

these locations are thus expected to exhibit a sharp positive FN velocity swing which dominates in

magnitude over the FP velocity swing, i.e.,

∣∣u̇ymax
− u̇ymin

∣∣ >
∣∣u̇xmax

− u̇xmin

∣∣,

(Cs ≤ Vr <
√

2Cs) . (2.49)

Finally, note the presence of the purely dilatational field, which circulates about the crack tip and

extends out a short distance out beyond the Mach front before rapidly attenuating. A hypothetical

near-field measurement station, lying close to the crack plane and situated ahead of the advancing

Mach front, should thus record an initial velocity swing induced by the passage of the locally con-

centrated dilatational field, followed by a sharp, positive velocity jump in the FN component as the

shear Mach front crosses the station.

Figure 2.6c corresponds to the unique case corresponding to Vr =
√

2Cs, where the shear Mach

front has now completely vanished as expected and previously predicted using a simple 2D steady-

state spectral analysis. At this unique rupture speed, energy that would be otherwise radiated into

the medium in the form of shear waves is instead converted into fracture energy. Note that the only

radiation term arising from the crack tip is in the form of dilatational waves, as revealed by the

concentrated field surrounding the crack tip, which rapidly attenuates with off-fault distance.

Finally, consider Figure 2.6d, corresponding to a supershear rupture speed Vr = 1.65Cs, where

the rupture speed has now crossed over the Vr =
√

2Cs threshold. Note the dominance of the FP

particle velocity component over the FN component along the shear Mach front for θ < π/4, as

expected in the rupture speed regime (
√

2Cs < Vr ≤ Cp). Particle motion along the shear Mach

front is now directed downward along the shear Mach front, as revealed by the direction and sense

of rotation of the velocity vector field in the wake of the rupture, where the field is shear dominated.

It is interesting to note how the particle velocity field vectors on either side of the Mach front

are now aligned in the same direction, indicating that there is no longer a sharp reversal in the
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particle velocity field across the Mach front, which occurs in the unstable rupture speed regime

Cs ≤ Vr <
√

2Cs. As with frames (a) and (b), the shear Mach fronts are shown crossing fictitious

particle velocity measurement stations situated above and below the crack plane, with red and blue

arrows representing the FN and FP velocity components, respectively. Particle velocity records

acquired at these locations are thus expected to exhibit a sharp positive FP velocity swing which

dominates in magnitude over the FN velocity swing, i.e.,

∣∣u̇xmax
− u̇xmin

∣∣ >
∣∣u̇ymax

− u̇ymin

∣∣,

(
√

2Cs < Vr ≤ Cp) . (2.50)

Note the concentrated dilatational field, which is spread out over a larger spatial extent and visibly

contracted along the propagation direction at this increased rupture speed. A hypothetical near-field

measurement station lying close to the crack plane and situated ahead of the advancing Mach front

should again record a dilatational precursor signal, followed by a sharp, positive velocity jump in

the FP component as the shear Mach front crosses the station.

2.3 Steady-state cohesive zone models

The main underlying assumption in the singular elastic crack models discussed earlier is that the

inelastic breakdown processes associated with the crack tip are confined to its vicinity. Such models

do not allow, nor do they take into account the change in the tractions which occur in such breakdown

zones. By adopting an approach that was analogous to the cohesive zone models for tensile cracks

developed by (Dugdale, 1960) and (Barenblatt, 1962), (Ida, 1972) and (Palmer and Rice, 1973)

introduced the non-singular slip-weakening model for shear, or Mode II, cracks that provides a

description of the tractions in the cohesive zone. In these models the shear traction along the crack

undergoes a weakening or degradation process which begins when the shear stress reaches a finite

material peak strength ahead of the crack tip and continues to degrade with increasing amount of

slip, approaching a residual level of shear strength. This results in a spatial degradation of the shear
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strength behind the crack tip. This also introduces a characteristic length scale into the analysis,

which is missing in the singular elastic models. The resulting length scale is proportional to the

size of the breakdown/process zone behind the crack tip and varies with the speed of the crack

tip. (Samudrala et al., 2002a,b) applied a slip-velocity-dependent shear strength breakdown law,

commonly referred to as the velocity-weakening friction law, and obtained steady-state solutions to

the propagating sub-Rayleigh and supershear Mode II crack problems. All of the above problems

feature steady-state solutions that depend on the real and imaginary parts of the following integral

(Muskhelishvili, 1953; Broberg, 1978, 1989, 1999)

N(zp/s) = c1
[
Ω(zp/s)

]q ∫

Γ

τ(w)
[Ω+(w)]q (w − zp/s)

dw , (2.51)

where Ω is an analytic function with branch cuts along the crack (or pulse), Γ, c1 depends on the

rupture speed, and q is the rupture speed dependent exponent (Eq. 2.46. τ(x) is either prescribed

a priori in slip-weakening-like models, or is obtained for slip-velocity-weakening models by solving

a singular integral equation (Samudrala et al., 2002a,b). This integral is evaluated in the Cauchy

Principal Value sense and has analytical closed-form solutions for certain forms of τ(x) and sub-

Rayleigh rupture velocities. For supershear cases the closed-form solution exists only for constant

τ(x), i.e., τ(x) = τp.

2.3.1 Overview of general 2D steady-state supershear slip-pulse solution

(Dunham and Archuleta, 2005), extended the steady-state sub-Rayleigh slip-pulse model of (Rice

et al., 2005) to the intersonic rupture velocity domain (Cs < Vr < Cp). A general solution was

obtained for the stress and particle velocity fields generated by a right-lateral, steady-state slip

pulse of finite length L, propagating to the right (x > 0), and subject to a prescribed shear traction

τ(x) along the slip zone. Figure 2.7 depicts the case of a propagating slip-pulse subject to a linear

distance-weakening friction relation characterized by a breakdown zone of length R over which τ(x)

degrades linearly before settling to a residual strength level.



30
!yx

x

L
R

Vr

!p = fs(!"0
yy)

!r = fd(!"0
yy)

Locked
Locked

SlippingS-wave radiation

S-wave
radiatio

n

u̇x
!

u̇x
+
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The x-axis corresponds to the fault joining two identical, isotropic linear elastic half-spaces

characterized by a shear modulus µ, P-wave speed Cp, and S-wave speed Cs. The slip pulse is

depicted propagating to the right in the positive x direction and corresponds to the case of right

lateral slip. The mixed boundary value problem is summarized in Figure 2.8. τ(x) is a prescribed

shear traction along the slip zone, while σ0
yy and σ0

yx represent the initial far field stresses exerted

on the fault. The elastic fields are separated into dilatational and shear parts, each governed by

the wave equation and the appropriate respective elastic wave speed. A complex elasticity solution

to the steady-state slip-pulse problem leads to solutions for the stress and particle velocity fields in

terms of a single integral expression for τ(x) over the slip zone, weighted by a singular kernel. The

fault-parallel (u̇x) and fault-normal (u̇y) ground motion components are given by

u̇x = −Vr
µ

[
1

2αp
=N(zp) +

β2
s − 1
4αp

=N(zs)
]

(2.52)

u̇y = −Vr
µ

[
1
2
<N(zp)− sgn(y)

β2
s − 1

4αpβs
=N(zs)

]
sgn(x) (2.53)

where the variables zp, zs are given by

zp = x+ iαpy ; zx = x+ βsy (2.54)
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Figure 2.8: Mixed boundary value problem corresponding to general 2D steady-state supershear
slip-pulse problem (Dunham and Archuleta, 2005)

and

N(z) = −sin(πq)
π

z1−q(z + L)q
∫ 0

−L

τ(w)− σ0
xy

(−w)1−q(w + L)q(w − z)dw (2.55)

represents a complex integral solution of the Hilbert problem, which is analytic everywhere except

along a branch cut (−L < x < 0) corresponding to the slip zone. The variable q corresponds to the

same rupture-speed-dependent function in Eq. 2.46 as originally identified by (Freund, 1979, 1990).

Furthermore, note that zs = x+βsy represents a family of characteristics (shear Mach fronts), which

propagate the on-fault shear field contribution in Eq. 2.52 and Eq. 2.53 out to infinity.

Finally, as noted by (Dunham and Archuleta, 2005), the stress and particle velocity field solutions

are also expected to vanish at points far from the slip zone (outside of the radiation S-wave region).

Enforcement of this boundary condition leads to a constraint on σ0
xy given by

σ0
xy =

sin(πq)
π

∫ 0

−L

σ0
xy(x)

−x1−q(x+ L)q
dx . (2.56)

A careful examination of Eq. 2.55 at points very close to the fault (letting zI → 0) reveals

that N(z) is a complex function only within the interval (−L < x < 0), corresponding to the slip

zone (Dunham and Archuleta, 2005). This implies that S-wave radiation must be confined within
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a region of space bounded by the leading and trailing Mach cones stemming from the points x = 0

and x = −L. Moreover, due to the finite crack-tip stresses and a finite width process zone, the

passage of the Mach front results in particle velocity jumps that are of finite width and magnitude,

unlike the singular elastic crack models. Also, in stark contrast to the singular models, the crack-tip

energy flux is non-zero and finite in the supershear regime (Broberg, 1989; Samudrala et al., 2002a,b;

Rosakis et al., 2007).

2.3.2 Recovery of the slip function at an off-fault location

The standard definition for the slip function is given by

∆u̇x(x, 0) = u̇x(x, 0+)− u̇x(x, 0−) (2.57)

where (x, 0+), (x, 0−) represent two closely spaced points located “just above and below” the fault.

Furthermore zp = zs = x+ in the limit that zI → 0+, and so Eqn. 2.52 assumes the form

u̇x(x, 0+) = −Vr
µ

[
1

2αp
=N+(x) +

β2
s − 1
4αp

=N+(x)
]

(2.58)

where

N+(x) =
sin(πq)

π
e−iπq

[
(−x)1−q(x+ L)q

∫ 0

−L

τ(w)− τ0
(−w)1−q(w + L)q(w − x)

dw + iπ[τ(x)− τ0]
]

(2.59)

is a complex expression containing a real integral, which is evaluated within the slip zone (−L <

x < 0).

Invoking anti-symmetry of the fault-parallel component, i.e., ∆u̇x(x, 0) = 2u̇x(x, 0+) in Eq. 2.58

leads to an expression for the slip function given by

∆u̇x(x, 0) = −2
Vr
µ

(
β2
s + 1
4αp

)
=N+(x) . (2.60)
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Similarly, since ∆u̇x(x, 0) = −2u̇x(x, 0−) (also by definition) and since =N+(x) = −=N−(x) (mode

II antisymmetry), it follows that

∆u̇x(x, 0) = 2
Vr
µ

(
β2
s + 1
4αp

)
=N−(x) . (2.61)

and therefore,

∆u̇x(x, 0) = ∓ 2
Vr
µ

(
β2
s + 1
4αp

)
=N±(x) (2.62)

Next, invoke ∆u̇x(x, 0) = ∆u̇(zs) and =N+(x) = =N(zs), since zs = x + βsy defines a charac-

teristic extending from the fault out to infinity. Hence,

∆u̇x(zs) = −sgn(y)2
Vr
µ

(
β2
s + 1
4αp

)
=N(zs) (2.63)

Substitution of Eq. 2.63 into Eq. 2.52 and Eqn. 2.53 yields the remarkable result that the shear

contribution to both of the particle velocity field components scales directly with the slip function

as expressed by Eq. 2.64 and Eq. 2.65 (Dunham and Archuleta, 2005).

u̇x(z) = −Vr
µ

[
1

2αp
=N(zp)

]
+ sgn(y)

β2
s − 1

2(β2
s + 1)

∆u̇x(zs) (2.64)

u̇y(z) =
[
−Vr
µ

1
2
<N(zp)−

1
2βs

β2
s − 1
β2
s + 1

∆u̇x(zs)
]
sgn(x) (2.65)

Finally, far from the fault, where the dilatational field contribution has decayed away, the fault-

parallel and fault- normal particle velocity components along the shear Mach front reduce to

u̇x(zs) ≈ sgn(y)
1
2
β2
s − 1
β2
s + 1

∆u̇x(zs) (2.66)

u̇y(zs) ≈ −sgn(x)
1

2βs
β2
s − 1
β2
s + 1

∆u̇x(zs) . (2.67)

The familiar relationship |u̇x| = βs|u̇y| is recovered far from the fault, as was previously obtained
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using a simple 2D steady-state spectral analysis. The sign and magnitude of the slip velocity function

∆u̇x, along with βs, in Eqs. 2.66 and 2.67, completely determine the sign and magnitude of the fault-

parallel and fault-normal ground motion components along the shear Mach front. Most remarkably

is the fact that both far-field ground motion components carried by the shear Mach front are scaled

replicas of the slip function back on the fault. This is a general feature of all steady-state Mode

II cohesive zone solutions (Broberg, 1989; Samudrala et al., 2002a; Dunham and Archuleta, 2005)

irrespective of the details of the cohesive zone law used. This characteristic of supershear S-wave

radiation is in stark contrast to the nature of S-wave radiation arising from sub-Rayleigh ruptures,

which is stripped of high-frequency content and attenuates rapidly with off-fault distance.

2.3.3 Partitioning between shear and dilatational radiation fields by a

supershear rupture

The supershear slip-pulse equations from the previous section may be re-arranged into alternative

forms, which provide insight into how radiation is partitioned between the shear and dilatational

fields. Consider a fault-parallel particle velocity measurement [u̇x(x, 0+)], which is conducted at a

point located arbitrarily close to the fault. As before, zp = zs = x within the limit that zI → 0+.

Equation 2.52 then assumes the form given by

u̇x(x, 0+) = −Vr
µ

[
1

2αp
=N+(x) +

β2
s − 1
4αp

=N+(x)
]
. (2.68)

Substituting Eq. 2.60 into Eq. 2.68, and invoking antisymmetry through u̇(x, 0+) = 1
2∆u̇x(x, 0),

yields

∆u̇x(x, 0) =
[(

2
β2
s + 1

)
∆u̇x

]

dilatational

+
[(

β2
s − 1
β2
s + 1

)
∆u̇x

]

shear

. (2.69)

The first term still represents the dilatational field contribution, while the second term represents

the shear field contribution. Nothing has changed in that regard other than the appearance of

the equation through various substitutions. The speed-dependent functions that multiply the slip

function in each respective term, herein referred to as Rp(βs) and Rs(βs), dictate how radiation is
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partitioned between the shear and dilatational fields. An alternative and simplified form for Rs and

Rp, given by

Rp =
2

β2
s + 1

= 2
C2
s

V 2
r

(2.70)

and,

Rs =
β2
s − 1
β2
s + 1

= 1− 2
C2
s

V 2
r

(2.71)

is obtained by substituting for βs through Eqn. 2.16, where Rs +Rp = 1 is naturally observed. The

slip function expression given by 2.69 can then finally be recast into the compact form given by

∆u̇x(x, 0) =
[(

2
C2
s

V 2
r

)
∆u̇x

]

dilatational

+
[(

1− 2
C2
s

V 2
r

)
∆u̇x

]

shear

. (2.72)

Plots of Rp and Rs as a function of normalized rupture speed are depicted in Figure 2.9. The

normalized rupture speed Vr =
√

2Cs marks the boundary between the unstable and stable rupture

speed regimes. The maximum normalized rupture speed value of Vr/Cs = 2 was set to correspond

with Vr → Cp in the case of H-100 laboratory earthquake specimens (Table 3.3).

As expected, the radiation field surrounding a supershear rupture is purely dilatational when

the rupture is propagating at Vr =
√

2Cs. The dilatational field contribution then decreases as

the rupture speed increases, reaching a minimum value of Rp = 0.5 at Vr = 2Cs. The shear

field contribution (Rs = 1 − Rp) ranges between 0 < Rs < 0.5 across the same rupture speed

interval. Typical normalized rupture speeds of Vr/Cs = 1.70 in supershear experiments correspond

to Rs = 0.308 (30.8%).

The portion of the curves corresponding to the unstable rupture speed regime may appear some-

what confusing at first glance, especially since −1 < Rs < 0 within this domain. The situation is

best understood by recalling Figure 1.1, which depicts the sense of motion along the shear wavelets

radiated by a right-lateral supershear rupture propagating in the +x direction. In the limit that

Vr → C+
s the displacement vectors of the radiated shear waves are steeply inclined at the point of

tangency where the shear Mach front is formed (θ → π/2). There is only a weak FP component
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Figure 2.9: Radiation partitioning of the slip function as predicted by the general 2D steady-state
supershear solution

directed along the −x direction, which is actually opposite to the slip direction. Hence, the nega-

tive range of values exhibited by Rs simply reflects the negative sign of the FP component in the

shear wave displacement field when Cs < Vr <
√

2Cs. The corresponding positive range of values

1 < Rp < 2 for the dilatational field contribution naturally offset the negative contribution of the

shear field so as to satisfy Rs +Rp = 1 throughout the entire rupture speed domain.

Finally, note that there are no analogous partitioning relationships, which arise in the case of the

fault-normal component (u̇y). The presence of <N(zp) in the dilatational field term and =N(zs)

in the shear field term of Eq. 2.53 (and no anti-symmetry relation for u̇y) prohibits the types

of substitutions and algebraic manipulations that were adopted in the case of the fault-parallel

component (u̇x).
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2.3.4 Overview of the 2D steady-state supershear model

The sense of particle motion along a shear Mach front was reasoned from rudimentary principles

in Chapter 1 by considering the source spectrum of a simple shear dislocation. Sub-Rayleigh and

supershear particle velocity signatures were also demonstrated on more-rigorous grounds by plotting

the particle velocity fields for the 2D plane strain elastodynamic solution for a propagating shear

(mode II) crack in a linear elastic half-space (Freund, 1979, 1990). Steady-state cohesive zone models

were also examined, culminating with the general 2D steady-state solution obtained by (Dunham

and Archuleta, 2004) for a supershear rupture pulse of finite length L, propagating with a rupture

speed Vr, along a frictional fault with a prescribed shear traction τ(x).

The various rupture models discussed above show that in the rupture speed regime
√

2Cs <

Vr ≤ Cp, the ground motion carried by the shear Mach front is characterized by a fault-parallel

(FP) particle velocity swing which dominates in magnitude over the fault-normal (FN) velocity

swing. The opposite case is shown to hold true in the rupture speed regime Cs ≤ Vr <
√

2Cs,

where the FN velocity swing dominates in magnitude over the FP velocity swing. A similar analysis

applied to sub-Rayleigh ruptures predicts ground motion records, in regions ahead of the rupture

front, that are characterized by a FN velocity swing which dominates in magnitude over the FP

velocity swing (Aki and Richards, 2002).

As a supershear rupture sweeps past an observation point within the near-field, the resulting

ground motion records will be strongly influenced by the superimposed dilatational field, which

circulates around the slip zone. Since S-wave radiation is confined to the region between the leading

and trailing Mach fronts, the regions lying ahead will experience an initial disturbance, which is

attributed to the leading dilatational field. This is a unique feature of the supershear regime where

the dilatational and shear fields are separated. The effect is predicted by every analytical model

tracing back to original solutions by (Freund, 1979). Synthetic ground motion records (Dunham and

Archuleta, 2005), also predict a pronounced peak, particularly in the FP record, which signals the

passage of the leading concentrated dilatational field prior to the arrival of the shear Mach front.

A similar effect, although less pronounced, is observed in the corresponding FN ground motion
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Figure 2.10: Sense of particle motion for a spontaneous right-lateral sub-Rayleigh rupture. The
contour plot shows the magnitude of the velocity field and the vectors show only the sense of motion.

records. At greater and greater off-fault distances, there will also be an increased separation in time

between the arrival of the leading dilatational field and the arrival of the fault-parallel velocity jump

associated with the arrival of the shear Mach front. The dilatational field will tend to decay with

increased off-fault distance in accordance with Eq. 2.15, leaving only an S-wave displacement field

contribution to the Mach front in the far field, which resembles the slip function back at the fault.

2.4 Unsteady cohesive zone models and the trailing Rayleigh

rupture

By their very nature, 2D steady-state models generally assume that the rupture has existed for all

time. Such models do not tend to address the dynamic events that lead to the emergence of the

supershear rupture in the first place. Various supershear rupture transition mechanisms have been

proposed in recent years. Each model typically assumes the existence of an initial sub-Rayleigh rup-

ture, which proceeds to induce a supershear rupture transition. In the traditional Burridge-Andrews

mechanism (Andrews, 1976; Burridge, 1973; Burridge et al., 1979), the sub-Rayleigh rupture stress

field overcomes the strength of the fault to nucleate a daughter crack, which quickly transitions to

a supershear rupture. Alternative, equally plausible models consider the dynamic interaction of the

sub-Rayleigh rupture with an inclusion or high-strength barrier to produce stress concentrations and



39

dynamic instabilities which can potentially spawn a supershear rupture (Dunham et al., 2003; Liu

and Lapusta, 2008). Both types of supershear rupture transition mechanisms have now been ob-

served in laboratory earthquake experiments. In all instances, the arrival of the leading supershear

rupture is followed by a trailing sub-Rayleigh rupture.

Close scrutiny of the entire class of self-similar analytical solutions for supershear ruptures (for

example Burridge, 1973; Broberg, 1994) also reveals that a secondary rupture travels behind the

main crack tip at speeds approaching the Rayleigh wave speed. This feature, herein referred to

as a trailing Rayleigh rupture, also accompanies spontaneously propagating ruptures and cannot

be captured by steady-state models. The trailing Rayleigh rupture represents the region behind

the crack tip where Rayleigh waves emitted from the process zone of the crack tip coalesce, and—

depending on the friction conditions—result in a secondary rupture. Its strength is also expected to

depend on the speed of the main crack tip, the nature of the main rupture (pulse-like or crack-like),

the size of the process zone, and the strength/stress drop associated with it.

Figures 2.10 and 2.11 are useful for graphically illustrating the general sense of particle motion for

spontaneous right lateral sub-Rayleigh and supershear ruptures subject to a slip-weakening friction

law. These results were numerically simulated using a commercial Finite Element code, ABAQUS.

Bilateral ruptures are depicted in the figure as generally encountered in laboratory earthquake

experiments. The sense of particle motion is reasoned as follows.

In the case of sub-Rayleigh ruptures (Figure 2.10), the FN component is dominant near the

rupture tip, as expected from earlier, more-elementary discussions. Since no opening is allowed, the

FN component does not change sign as one crosses the fault. The direction of the velocity vector

near the rupture tip depends, obviously, on whether the domain is under compression or extension

in the FN direction. Also, since this is a crack-like rupture, there is continuous sliding behind the

rupture tip.

For supershear ruptures (Figure 2.11) the dominant sense of motion near the crack tip is FP,

as expected in the stable rupture velocity regime. The sense of motion is consistent with a right-

lateral nature. The vector field plot also shows how the leading dilatational field (just beyond the
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Figure 2.11: Sense of particle motion for a spontaneous right-lateral supershear rupture. The contour
plot shows the magnitude of the velocity field and the vectors show only the sense of motion.

Mach front) exhibits a dominant FP component in the near-field. The supershear rupture tip is

then followed by the secondary or “trailing Rayleigh” rupture, which trails in the wake of the shear

Mach cone. The sense of motion exhibited by the secondary rupture is once again consistent with

the ground motion signatures of a sub-Rayleigh rupture. Depending on the governing friction law,

both the main rupture and the trailing Rayleigh rupture can be pulses in the strictest sense of the

word (i.e., the fault is locked from slipping in their wake) or they could both be crack-like ruptures

or be a combination of crack-like and pulse-like rupture. Regardless of whether it is a pulse or a

crack, both theory and experiment show that supershear ruptures are often followed by a trailing

(sub-Rayleigh) rupture propagating with a speed approaching the Rayleigh wave speed.

The analysis considered thus far is a 2D approximation of a 3D problem. In reality, geometrical

attenuation and other dispersive mechanisms will ultimately conspire to attenuate the shear Mach

front in the far field. (Bhat et al., 2007) estimated that a reasonable attenuation distance should be

of the order of the depth of the seismogenic zone. A numerical 3D steady-state analysis of supershear

ruptures by (Dunham and Bhat, 2008) resulted in a similar prediction. Nonetheless, it stands to

reason that supershear ruptures should have a more far-reaching influence into the surrounding

medium, compared to subshear ruptures of equivalent magnitude, and an increased propensity to

perturb the stress state of neighboring faults. This point has been partly observed by (Bouchon

and Karabulut, 2008) who showed that the aftershocks cluster in a region away from the fault at

distances comparable to the depth of the seismogenic zone following the passage of a supershear

rupture.
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Chapter 3

The Laboratory Earthquake
Experiment

3.1 Early predictions of the sub-Rayleigh-to-supershear tran-

sition and the Burridge-Andrews mechanism

The sub-Rayleigh-to-super-shear transition, originally theorized by (Burridge, 1973) and later nu-

merically demonstrated and further interpreted by (Andrews, 1976), is commonly referred to as the

Burridge-Andrews mechanism. (Burridge, 1973) was the first to theoretically describe the conditions

under which a plain-strain, self-similar mode II crack can propagate in the supershear regime. The

derivation assumed a simple Coulomb friction relation for the slip zone just ahead of the advancing

rupture tip, which was enough to predict the existence of a peak in the shear stress field located on

the S-wave front that could overcome the frictional strength of the interface and induce slip ahead

of the primary crack tip. Burridge summarized his key findings as follows: “When a zone of slip

governed by a Coulomb law of friction spreads steadily in an interface between two elastic half-spaces,

only certain rupture speeds are admissible, the rupture speed, or crack speed, being the speed of the

boundary of the region of slip. We cannot rule out any speed Vc between VR and Vs when static

friction is high. When static friction is not so high only a sub-interval VR < Vc < V0 < Vs is avail-

able. If static friction is even lower not even VR is admissible and the crack may propagate at the

P-wave speed” (Burridge, 1973). In Burridge’s notation Vc corresponds to the crack-tip speed, VR
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is the Rayleigh wave speed, and Vs stands for the shear wave speed. The shortcoming of this early

analytical model was its inability to account for the effects of inelastic (cohesive) energy losses at

the crack tip, which lead to some ambiguous predictions regarding admissible crack speeds and the

predicted range of the admissible supershear rupture speeds. In particular, the analysis predicted

that once a rupture had transitioned into the supershear regime, it could only propagate at the

P-wave speed. High-versus low-static-friction scenarios even admitted the possibility of crack speeds

in the domain CR < Vr < Cs, which was later shown to be a forbidden speed regime (Freund, 1979;

Broberg, 1989, 1999).

τr = fd(−σ0
yy)

Dc

σ0
yx

τp = fs(−σ0
yy)

∆ux = (u+
x − u−x )

Figure 3.1: Linear slip-weakening friction law

(Andrews, 1976) followed with the very first numerical finite difference calculations that success-

fully simulated the sub-Rayleigh-to-supershear transition. Results of these numerical trials demon-

strated the emergence of a secondary rupture at the leading S-wave front and its subsequent merger

with the primary rupture, in a manner consistent with the original predictions by (Burridge, 1973).

Andrew’s model featured a linear slip weakening friction law, graphically depicted in Figure 3.1,

which provided both a finite strength criterion τ ≤ τP and accounted for fracture energy Gc at the

crack tip, given by

Gc =
1
2

(τp − τr)Dc . (3.1)

These features distinguished Andrew’s work from the earlier analytical treatment by (Burridge,

1973), which failed to incorporate the effects of inelastic (cohesive) energy losses at the crack tip.
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(Andrews, 1976) also carefully examined the sub-Rayleigh-to-supershear transition distance L and

reasoned that it must be related to the critical (plane strain) crack half-length Lc given by

Lc =
µ(τp − τr)Dc

π(1− ν)(σ0
yx − τr)2

(3.2)

where ν is Poisson’s ratio, µ is the shear modulus value, and Dc corresponds to the critical slip

weakening distance. Moreover, it is easily shown that the normalized quantity Lc/L is equivalent to

the energy absorbed by the rupture front to the amount of available strain energy which has been

released to propagate the crack to a new length L (Andrews, 1976). Andrews incorporated these

points and summarized his findings by plotting the dependence of LC/L on the seismic S-ratio

S =
τp − σ0

yx

σ0
yx − τr

. (3.3)

Points derived from numerical trials define the boundaries of a transitional region, which divide the

sub-Rayleigh rupture speed regime on the right from the super-shear rupture speed regime on the

left (Andrews, 1976). The final result can be restated as

L = F (s)Lc = 9.8(1.77− S)−3Lc (3.4)

(Xia et al., 2004) where the function F(S) is numerically obtained from Andrews plot. The unique

point S ≈ 1.77, represents an upper value for the seismic S ratio, where L → ∞, beyond which a

sub-Rayleigh rupture cannot possibly transition into the super-shear regime. The lower limit S → 0,

equivalent to σ0
yx → τp, corresponds to a lower bound for the transition length given by L ≈ 1.77Lc.

Based upon the results of his numerical trials, Andrews concluded that subshear ruptures were

confined to the sub-Rayleigh domain 0 < VR < CR while intersonic ruptures always tended to favor

the domain
√

2Cs < VR < Cp, which he termed the supershear domain.

(Burridge et al., 1979) later revisited the problem of admissible rupture speeds by conducing a

stability analysis of a steadily moving shear crack. The model assumed a shear crack was driven
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by a point load which remains at a constant distance d from the crack tip. Energy dissipation was

introduced through a Dugdale-type cohesive traction relation confined to a small region around the

crack tip, and taken to be small in comparison to the distance d. The primary conclusions drawn

from the shear crack stability analysis were found to be in agreement with Andrews’ numerically

based findings and are summarized as follows: (1) the velocity domain CR < VR < CS is strictly

forbidden, since the crack tip would otherwise act as a source of energy if allowed to propagate

at these speeds, (2) the intersonic velocity regime Cs < VR <
√

2Cs is generally unstable, (3) the

intersonic velocity regime
√

2Cs < VR ≤ Cp is stable with a unique local minima within this velocity

domain, (4) the sub-Rayleigh velocity regime VR < CR is classified as an unstable regime. This

is strictly true mainly due to the fact that the stability curve lacks any local minima within this

domain. The resulting curves actually exhibit a strong negative slope which quickly blows up in the

limit VR ∼ CR, thus implying that a rupture confined within this velocity domain will always tend

to the Rayleigh wave speed. Similar conclusions regarding the nature of admissible rupture speeds

and the stability of various rupture speed regimes, were rigorously demonstrated by (Freund, 1979)

and later by (Broberg, 1989) by considering the energy flux into a dynamic shear crack.

3.2 Brief historical background and introduction to the lab-

oratory earthquake experiment

The first high-speed camera images of an intersonic mode II rupture were obtained by (Lambros

and Rosakis, 1995) in a series of dynamic shear impact studies conducted on PMMA/4340 steel-

edge cracked bimaterial plates. Interfacial crack propagation was observed using the optical tech-

nique of coherent gradient sensing and high-speed photography. Very high crack-tip speeds (up to

1.5CPMMA
R ) were reported. Numerous impact investigations followed, both on homogeneous and

bimaterial systems, which provided additional confirmation of intersonic ruptures through the con-

tinued refinement of high-speed imaging techniques (Singh et al., 1997; Kavaturu et al., 1998; Rosakis

et al., 1998, 1999; Coker and Rosakis, 2001; Samudrala and Rosakis, 2003; Coker et al., 2003).
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Figure 3.2: Laboratory earthquake experimental setup: Dynamic photoelasticity for stress-field visu-
alization and heterodyne fiber optic interferometers for continuous, point-wise measurements of particle
velocity

The early body of experimental work on intersonic ruptures was soon recognized within the geo-

physical community, where attention was focused on whether certain anomalous seismological records

could be attributed to the propagation of an intersonic (supershear) rupture along a frictional faults

within the Earth’s crust (Bouchon et al., 2001). Experimental investigations and research directions

gradually shifted away from dynamic shear impact studies to the investigation of spontaneous dy-

namic ruptures along frictional faults. This lead to the eventual creation of a unique “laboratory

earthquake experiment” developed by Xia, Rosakis, and Kanamori (Xia et al., 2004, 2005a).

The original experiment featured an inclined, frictional interface formed by two compressed

quadrilateral sections of HomaliteTM (H-100), an optically transparent, stress-birefringent, and

mildly rate-sensitive brittle polyester resin. A dynamic rupture was triggered by a surge of current,

which was passed through a thin NiCr wire filament oriented across the specimen fault. Photoelas-

tic interferometry and high-speed photography were used to image the propagating rupture front

and yielded first-of-its-kind high-speed images of spontaneously generated supershear ruptures (Xia
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et al., 2004; Xia, 2005; Xia et al., 2005b,a; Rosakis et al., 2006, 2007).

Measurement diagnostics were later expanded to include fiber-optic-based laser interferometers,

which were first used by Lykotrafitis and Rosakis to measure sliding speeds in dynamic shear impact

investigations of frictionally held bimaterial interfaces (Lykotrafitis et al., 2006b; Lykotrafitis and

Rosakis, 2006a,b; Lykotrafitis et al., 2006a). This capability was later successfully applied by Lu

and Rosakis (Lu et al., 2007; Lu, 2009; Lu et al., 2010; ?) to verify the existence of sub-Rayleigh and

supershear slip pulses in laboratory earthquake experiments. The laboratory earthquake experiment

has been continuously refined and applied in subsequent years to investigate various problems of

seismological relevance ranging from studies on the effects of off-fault damage (Grifith et al., 2009;

Biegel et al., 2010; Bhat et al., 2010) to recent investigations on the ground motion signatures of

supershear earthquakes (Mello et al., 2010) and thrust faults.

A landscape view of the laboratory earthquake experiment in its current form is depicted in

Figure 3.2. An 8” × 8” × 0.5” H-100 earthquake specimen is seen mounted within the black anodized

Aluminum frame and compressed by a manually operated hydraulic press. The 26◦ specimen fault is

visible, as are the wire leads along the right side, which are clipped to either end of a short NiCr wire

filament that passes through the specimen. Scattered laser light reveals the circular profile of the

5.5” diameter laser beam centered within the 8′′ × 8′′ test specimen. The circularly polarized beam

is transmitted through the specimen and processed by the circular polarizer to produce the familiar

photolelastic fringe pattern. The field lens focuses the beam and directs it into the high-speed

camera imaging optics.

Three fiber-optic probes are labeled in the image as u̇+
x , u̇y, and u̇+

z in order to highlight how the

three motion components are simultaneously monitored. The thin red lines highlight the optical path

of the individual laser beams from each fiber optic probe to the point on the specimen surface (at the

corner of a retro-reflective tape strip) where the beams are focused and particle velocity measure-

ments are obtained. Collected laser light is directed by optical fiber to heterodyne interferometers,

which are positioned outside of the image. Interferometer signals are then processed by a controller

module and sent out as analog voltage signals, which are acquired by a digital oscilloscope. The
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acquired signals are linearly proportional to the particle velocity and are scaled accordingly when

the curves are analyzed.

The various sections of this chapter systematically address every major facet of the laboratory

earthquake experiment. These include the best-known methods for (1) machining test specimens,

(2) preparation of specimen fault surfaces (including a new 3D fault geometry), (3) inspection

and quality control of test specimens, (4) final assembly and mounting of laboratory earthquake

specimens, and (5) alignment of all optical diagnostics. A detailed discussion of the instruments

and measurement diagnostics is also presented, followed by a description of the various methods of

analysis which are routinely employed to process the data gathered in the experiments.

3.3 Step-by-step description of a laboratory earthquake ex-

periment: From specimen preparation through dynamic

rupture nucleation

A schematic depiction of the traditional H-100 specimen geometry, static loading configuration,

and dynamic rupture nucleation scheme is shown in Figure 3.3. The mating edges of two H-100

quadrilateral test sections are initially polished to a near-optical-grade finish in order to remove

surface defects from the original CNC milling operation. The surfaces are then roughened using a

micro-bead blasting treatment using an abrasive media comprised of tiny glass beads with diameters

typically ranging from 104 µm – 211 µm (70–140 mesh size). Precise repetition of the bead-blasting

procedure from specimen to specimen assures a consistent surface roughness from experiment to

experiment. Specific details of the specimen fabrication and surface preparation procedures are

provided in Section 3.5.

Fault surfaces are thoroughly cleaned using laboratory-grade methanol and acetone, and fre-

quently inspected to protect the integrity of the fault surfaces. The frictional interface is visually

inspected either with the aid of a magnifying loupe or a low-power microscope similar to a 130x

USB microscope camera (Sharper Image CN311), which can be mounted directly upon the flat face
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Figure 3.3: Schematic representations of traditional H-100 specimen geometry, static loading config-
uration, and dynamic rupture nucleation scheme

of a mated H-100 specimen assembly. The planarity and perpendicularity of specimen fault surfaces

are examined by laying a mated pair of quadrilateral test sections on a flat glass plate and butting

the two halves together. Two small pieces of clear cellophane tape placed across the fault interface

near the edges of the assembly hold the two plates together and keep the parts from slipping or

separating during this inspection process. The interface is then examined using the USB microscope

camera as depicted in Figure 3.4

Parts are typically inspected this way following the machining, polishing, and surface roughening

(micro-bead blasting) phases of specimen fabrication. A mated specimen assembly should exhibit a

sharp interface without any visible gap between the plates. Additional details of this inspection pro-

cedure along with examples of representative “known good” H-100 specimen interfaces are addressed
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Figure 3.4: Inspection of fault surface planarity and perpendicularity using the USB microscope
camera. See Figure 3.15 and Figure 3.16 for representative images of fault interfaces.

in Section 3.5.2.

Once the fault surfaces are visually inspected, an initial evaluation of the frictional interface is

conducted by carefully mating the quadrilateral test sections together on the lab work bench in

order to gage whether the assembly can hold together without slipping. The top and bottom test

sections should be well aligned to form a flush surface across the fault interface, and there should

be no static offset at the left or right extreme ends of the fault. Once carefully positioned in this

manner, the static H-100 assembly should be able to hold together without slipping. A second test

of the frictional interface involves slowly pivoting the mated assembly about its lower-right-hand

corner and estimating the tilt angle at which slip ensues. The test is based upon the simple static

coefficient of friction relationship given by tan(α+θrot) = fs, where θ is the tilt angle at the moment

of slip, α is the specimen fault angle, and fs is the static coefficient of friction. In this case the slip

angle is measured and the relationship is invoked in order to estimate the static coefficient of friction.

The measurement is conducted with the aid of a clear plastic protractor mounted along the edge of

the lab work table. The specimen assembly is aligned parallel to the protractor and positioned as

closely as possible to the edge of the work bench so that the fault angle can be estimated by looking

through the transparent protractor. Care must also be taken to coincide the lower-right-corner of

the square specimen assembly with the rotational reference point along the base of the protractor
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(assuming a right lateral slip configuration). The frictional interface is then carefully monitored as

the assembly is slowly rotated until the plates are observed to slip. As a good rule of thumb, the

plates should hold together without slipping at least until α+θ = 31◦ (fs = 0.6). As an example, H-

100 test sections with a specimen fault angle α = 26◦ and roughened by the standard bead-blasting

treatment (glass bead mesh size 70–140), typically exhibited slip angles of 7◦ - 9◦, corresponding to

(0.65 < fs < 0.7). Note that if the plates slip too easily during this test then it might be an early

indicator that they will not hold together under the applied static compressive load.

The next step in the specimen assembly process flow involves seating a thin NiCr wire filament

within a 0.005” diameter semi-circular channel that has been machined into the lower quadrilateral

test section. The NiCr filament used in the experiments is 40 AWG high-temperature nickel wire

with a diameter of 0.003” (78.7 µm). The wire is purchased in spool form (catalog number: 8880K87)

from the McMaster-Carr company. The lower test section is clamped and held in place using a small

table-top vise with the fault surface facing upwards and nominally level to the surface of the lab

work-bench. A 30-cm-long strand of NiCr filament is then set within the channel, stretched tight,

and bent around the edges of the H-100 test section. Two small pieces of cellophane tape are then

used to affix the wire to each face of the test section and temporarily hold the wire tightly in place

within the channel until the plates are actually mated together. Each of the cellophane tape sections

should have one end folded back on itself in order to create a “handle”, which prevents the entire

section of tape from adhering to the surface of the specimen and facilitates removing the tape at a

later stage. A magnifying lens should be used to carefully check whether the NiCr wire is properly

positioned within the channel and whether it remains below the fault surface. A very practical

technique is to clasp the two loose ends of the NiCr wire filament with a set of needle-nose pliers

and pull the wire down into the channel. An image of how the wire is temporarily set in place is

shown in Figure 3.27 of Section 3.9.

A final sample preparation step, prior to the mating and assembly of the H-100 test sections,

involves adhering small rectangular strips of retroreflective tape at preselected positions on the face

of the specimen where particle velocity measurements will be conducted during the experiment.
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Figure 3.5: Small rectangular strip of retro-reflective tape adhered to specimen surface to promote
efficient scattering of focused laser light by fiber optic laser interferometer probes

The two test sections are once again mated and held together by two small strips of clear cellophane

tape while lying on a flat work surface. A clear plastic protractor with a metric rule scale is then

aligned with the specimen interface and also temporarily affixed to the surface using clear cellophane

tape. A thin rectangular strip of adhesive-backed retroreflective tape (3M R© Scotchlite R©), measuring

approximately 3mm×4 mm, is cut from sheet stock using an X-Acto knife equipped with a “Number

2” blade. Blades should be kept clean and sharp and be frequently replaced. The edge of the retro-

reflective tape strip must be cut clean and straight, as shown in the example in Figure 3.5. The small

retroreflective strip is then accurately positioned and affixed to the H-100 specimen with the aid of a

mounted workbench magnifying lamp. The tape is positioned such that one of its corners coincides

with the desired measurement coordinate, as depicted in the close-up view in Figure 3.5 where

the upper-right-hand corner of the tape section has been precisely positioned at the coordinate of

interest. The diagram also schematically depicts how the focused fiber-optic probe beams are focused

to a minimum spot size and scattered back toward the probe from this corner location.

Toothless stainless-steel alligator clips used to clasp the ends of the NiCr wire filament are wired

to an electrical terminal block at the base of the specimen-mounting frame, as depicted in Figures

3.3 and 3.6. Stainless-steel alligator clips with an overall length of 1 3/32”, maximum jaw opening

of 3/16”, and current rating of 5A were purchased in bulk quantity from McMaster-Carr R© (catalog
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Figure 3.6: 8” × 8” H-100 laboratory earthquake specimen prepared and positioned within mounting
frame

number: 7236K27). The clips should be cleaned before each experiment using a fine 600-grit SiC

abrasive paper in order to remove any carbon deposits that may have accumulated during the

previous test. The quality and cleanliness of the clips helps to maintain good electrical contact and

a consistent value for the resistance, which is important to achieving a repeatable discharge from

experiment to experiment. The clips are gradually eroded by the electrical discharge process and

can also lose their elastic clamping force over time and should therefore be inspected at the start of

each experiment and periodically replaced.

Specimen fault surfaces are gently cleaned one final time before the two sections are brought

into contact and mounted within the specimen-mounting frame as shown in Figure 3.6. Special care

is always taken to prevent acetone or any cleaning solvent from contacting the retro-reflective tape

strip. The two H-100 test sections are brought into contact and carefully adjusted so as to establish a
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smooth, flush surface along the fault interface. There should be no detectable step height anywhere

across the interface on either face of the specimen. The side bars of the specimen frame are gently

adjusted to make light contact with the sides of the specimen assembly. The thumb screws within the

left and right pillars of the specimen frame are then adjusted in order to gently snug the aluminum

side bars against the sides of the specimen. Note that the side bars also should be positioned in such

a way that they can be retracted from each edge once the assembly is placed under a pre-load. The

entire specimen frame assembly is then carried over and seated on the base platen of the manually

operated hydraulic press (Carver R© model 3925), as depicted in Figure 3.7. The base compression

platen is then slowly raised using the manual hydraulics until the test specimen is properly centered

within the laser beam along the vertical direction. A partial reflection of the incident expanded laser

beam is then used to establish perpendicularity by aligning the specimen frame assembly until the

reflect beam is directed back into the laser beam expander. At the same time, care must also be

taken to make sure that the specimen frame is also properly centered from left to right with respect

to the incident laser beam in order to properly illuminate the region of interest. Last, but not least,

the entire assembly must also be properly positioned “depth wise” within the press such that the

top member of the specimen mounting frame is properly aligned with respect to the diameter of

the top compression platen. The three adjustments are iterated until each of the critical alignment

conditions are all met. The top compression platen is then slowly lowered and made as parallel as

possible to the top member of the specimen frame assembly. The large stainless steel tie rod nuts,

which support the entire top assembly of the hydraulic press, are slowly turned so as to nearly close

the gap and adjust the relative tilt between the top compression platen and the top member of the

specimen frame assembly. Parallelism between the two surfaces may be achieved by adjusting the tie

rod nuts while peering through the gap and taking note of the slit of light between the two surfaces.

From this point on any additional tilt compensation will be taken up by the lower base compression

platen which is designed to naturally pivot.

A static compressive pre-stress of Pi = 3 MPa is applied to the assembly once it has been

properly positioned and oriented with respect to the incident photoelastic imaging beam. Thumb
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Figure 3.7: H-100 specimen assembly positioned in Carver R© model 3925 hydraulic press

screws in the left-and right-hand pillars of the specimen mounting frame are then loosened and the

retractable aluminum side bars are pulled away from the left and right boundaries of the H-100 test

specimen. Close attention is paid in order to detect whether the plates slip during this procedure.

If any slip is detected, the specimen is generally removed from the mounting frame and the fault

surfaces are either cleaned or completely reconditioned before attempting to reload the specimen

assembly. Assuming that the plates hold together after releasing the Aluminum side supports (under

the 3 MPa pre-stress), the load is then gently ramped up to the desired static compressive stress.

Photoelastic fringes may be observed during loading procedure by propping up a sheet of paper
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after the second circular polarizer. If the specimen is properly aligned, the resulting fringe pattern

should exhibit symmetry with respect to the center of the specimen and should appear to expand

out from this center of symmetry as the static compressive load is slowly ramped. The applied static

compressive load translates into a normal traction

σ0
yy = P cos2 α (3.5)

and resolved shear traction

σ0
yx = P sinα cosα (3.6)

along the inclined frictional interface, which mimics tectonic stresses imposed on a strike-slip fric-

tional fault within the Earth’s crust. Interfacial sliding is prevented by virtue of the fact that the

resolved shear stress does not exceed the peak (static) frictional strength τp=fsσ0
yy of the interface,

where fs represents the static coefficient of friction. The inclined specimen fault assures that once

nucleated, a right-lateral or left-lateral rupture will propagate along the frictional fault in response

to the applied far-field stress.

Once the static compressive load is applied, the final step is to clip the two ends of the NiCr

wire filament with the toothless alligator clips in order to establish an electrical connection to the

discharge circuit. This last step is accomplished by gently peeling one of the cellophane tape sections

away (easily grasped using the tape handle created earlier) from the H-100 specimen face and then

clasping the filament with the toothless alligator clip as closely as possible to the specimen face.

The wire should be pulled taut with one hand, while the other hand is used to clasp the wire with

the toothless alligator clip. The process is then repeated on the opposite side of the specimen. Care

must be taken to insure that the clips are both as flush as possible to the front and rear surfaces of

the specimen and that they are not left “dangling”. A fine set of sharp wire cutters should then be

used to gently clip away the lose strand of NiCr wire dangling to either side of the specimen. The

wire should be clipped as closely as possible to the alligator clips. The electrical resistance of the

wire filament path is then measured between the two connecting points of the electrical terminal
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block. The BNC cable, which leads to the discharge circuit should be temporarily disengaged from

the terminal block while the multimeter makes contact with the two points on the terminal block

where each of the wires are attached. The measured resistance value should be approximately R =

3 Ω and should remain very consistent from experiment to experiment as long as the final trimmed

length of the NiCr wire filament is kept relatively constant. The path resistance value is dominated

by the resistance of the 79 − µm-diameter NiCr wire filament, and the measured resistance simply

scales with length of the wire filament in accordance with the well-known relationship R = ρL/A,

where R is the measured resistance, ρ is the resistivity of the NiCr filament, L is the length of the

wire strand, and A corresponds to its cross-sectional area. The BNC cable leading to the discharge

circuit is then reconnected to the terminal block once the resistance measurement is completed.

The next critical steps involve alignment of the optical diagnostics used in the experiment.

Fiber-optic laser probes are mounted using appropriate optical rail carrier assemblies and multi-axis

translation stages with fine-pitch screw adjustment capability. All probe beams other than the one

currently being aligned are turned off in order to clearly see where the beam is being focused onto

the specimen. A small magnifying lens is then propped up on the base platen of the hydraulic press

and used to view the corner of the retro-reflective tape section while the beam’s position is carefully
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adjusted. In-plane particle velocity beams (u̇x and u̇y) are directed toward the corner of the tape

at an angle within 5◦ - 7◦ of grazing incidence. The orientation of an in-plane beam can also be

controlled by taking advantage of a series of internal reflections which are formed within the H-100

plate. The effect is easier to see by turning down the room lights. The fiber optic probe is translated

and tilted in order to align the internally reflected beam, with the specimen fault. When the incident

beam is properly adjusted, a “zig zag” light beam pattern is seen superimposed along the entire fault

length. The incident beam is then translated parallel to fault by a distance x2 and directed to focus

at the appropriate corner of the retro-reflective tape strip. The fiber-optic probe variable focus knob

is adjusted in order to achieve the smallest spot size at the location of interest. The focused beam

should not be spread across the top surface of the tape but should instead be focused along the thin

cross-sectional edge of the tape section. Only the laser beam used for the vertical component (u̇z)

should be focused onto the actual face of the tape section at the appropriate corner. The instrument

features a live LED display containing a series of green indicators that light up once the scattered

light is collected and interfered. An increase in the number of illuminated LED “bars” translates

to an improved interference signal. With practice, and experience it is possible to align the beams

well enough so that all of the the LED bars are illuminated for each of the three interferometer

signals. Often it is the lack of fine mechanical adjustment capability that limits the optimization of

the interference signals. How well the retro-reflective tape strip was cut also matters a great deal.

A “ragged edge” will simply not exhibit good scattering efficiency. On some occasions it may not

be possible to peak the signals and one may have to settle for 5–6 illuminated bars, which is still

good enough to produce a good-quality output signal to the oscilloscope.

The high-speed cameras are also aligned by taking a series of static images using the actual

dynamic framing rate and exposure time. Typical laser power levels of 1 W–1.25 W have been used

to obtain bright, high-contrast images. The cameras are mounted on a custom table that has been

designed with tilt, rotation, and height adjustments. Each camera is in turn mounted on its own

vertical translation stage atop the table surface. The first major step in camera alignment is to

cover the leading lens element using the customized reflective lens cap, which contains a series of
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concentric circles etched into its face. The f = 1000 mm plano-convex field lens should be positioned

so as to focus the beam to the smallest admissible spot size onto the center of the reflective lens

cap. The table surface is then adjusted (tilted, elevated, rotated) as required until the focused beam

is reflected back through the field lens. Proper alignment requires that the beam must be focused

precisely at the center of the reflective lens cap while also reflecting the laser beam back through

the field lens. An iterative procedure must be patiently conducted until both of these conditions are

satisfied. An excellent indication of alignment is the emergence of a speckle pattern that is observed

on the black anodized lens mount. The focused beam position on the reflective lens cap is verified

by viewing the cap while intermittently blocking the beam with a sheet of paper. This is the single

most critical step of camera alignment and if it is achieved as specified here then there is a greater

than 95% chance that all 16 image frames will appear properly centered within the computer display

when the camera is triggered. Test images are acquired by properly arming the camera and forcing

a trigger from the oscilloscope. Fine adjustments of each camera are then conducted through small

perturbations of the individual translation stages upon which they are mounted.

A dynamic rupture is nucleated with the aid of a high-voltage “RC” discharge circuit, which

is schematically depicted in Figure 3.3. An adjustable knob on the “firing box” is connected to a

variable transformer, which controls the AC voltage that is supplied to the rectifier. The rectifier

then produces a DC voltage, which is used to charge the capacitor bank. The range of knob settings

on the firing box correspond to the (0–110 VAC) output range of the variable transformer, which

translates to a (0–5 kV) DC voltage output produced by the rectifier. High-voltage probes were used

to characterize the voltage output of the rectifier as a function of the input AC voltage supplied

by the variable transformer. The measurements were used to construct a calibration curve for the

firing box, which is depicted in Figure 3.9. A standard voltage value of V = 1.6 kV is used in all

laboratory earthquake experiments. The knob setting of “45” on the outside of the box corresponds

very nearly to a 1.6 kV DC voltage supplied to the capacitor bank.

The value of C = 17 µF corresponds to the series capacitance of 3 individual 50.8 µF capacitors

contained in the actual circuit. Similarly, the value R = 2.25 MΩ represents the total series resistance
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Figure 3.9: Firing box voltage calibration curve. Rectifier DC voltage used to charge the capacitor
bank plotted versus the AC voltage supplied by the variable transformer

of 30 individual 75 kΩ resistors within the circuit. The effective RC time constant of the circuit is

therefore given by τ = 38.25s. An estimate for the time taken to fully charge the capacitor bank

is obtained from the capacitor charging relation given by Q = CV (1− e−t/τ ), where Q is the total

charge and V is the applied potential. Solving for the time taken to charge the capacitor bank to

90% of its full capacity and invoking the relationship limt→+∞Q(t) = CV then yields t = 88 s. The

capacitor bank is thus fully charged in approximately 1.5 minutes.

The NiCr wire filament extends through the thickness of the H-100 test specimen and is seated

within a small cylindrical cavity, as depicted in Figure 3.8 in order to prevent the wire from being

pinched as the two plates are compressed. A DC voltage of 1.6 kV is typically used to charge

the capacitor bank. When the circuit is activated, the electrical charge stored within a capacitor

bank is directed to ground and forced to pass through the thin (79 − µm-diameter) wire filament.

The wire filament is unable to sustain the high current and is rapidly disintegrated. The resulting

discharge produces a locally concentrated expansion of gas and material ejected by the reaction,
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which induce a small momentary reduction of the local normal traction σ0
yy while spreading out

across a characteristic distance on the order of 1 cm–1.5 cm. Somewhere within the course of

4.5 µs, the applied shear traction σ0
yx becomes momentarily larger than the local static frictional

strength and a mode II dynamic bilateral rupture is nucleated. A patch of discharge residue is always

observed on both fault surfaces once the plates are unloaded and separated upon completion of the

experiment. The precise role played by the discharge ejecta during the rupture nucleation process

remains unclear at this time but it is reasonable to assume that it may also dynamically alter the

local texture of the fault surface, in addition to partially unloading the normal traction.

A much scaled “replicate” of the high-current signal sent to along the NiCr wire path is simulta-

neously generated from the same circuit using a simple voltage divider. The sharp leading edge of

the signal, which exhibits a sub-microsecond rise time, is fed into one channel of a digital oscilloscope

(Tektronix model DPO3034) and used to trigger the oscilloscope. A standard TTL signal is then

produced by the oscilloscope and used to trigger the high-speed gated-intensified CCD cameras. The

remaining 3 channels of the oscilloscope are typically dedicated to acquiring the particle velocity

signals.

3.4 Physical dimensions of traditional laboratory earthquake

specimens

The general physical dimensions of the traditional laboratory earthquake specimen are depicted

in Figure 3.8. The location of the NiCr wire channel is chosen based upon the desired rupture

propagation distance and the time window of interest in a particular experiment. The position may

be offset by a distance δ to the left of center as shown in Figure 3.8. Care is taken to calculate

the arrival time of boundary waves reflected from the left free surface, which will necessarily arrive

at the measurement station sooner than they would for the case when the wire filament is passed

through the center of the specimen. There is also some risk of shifting the wire too far to one side

into a region where the stress field becomes uniform, a condition which naturally arises as one shifts
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Figure 3.10: Physical dimensions of H-100 test specimens used in the laboratory earthquake experi-
ments

closer to a free boundary. Schematic representations of the laboratory earthquake specimens that

were machined for the experiments discussed and presented in this thesis are shown in Figure 3.10.

The traditional 0.375′′ × 6′′ × 6′′ specimen dimensions were utilized by (Xia, 2005) and (Lu, 2009)

and later by (Mello et al., 2010). Early experiments on ground motion investigations presented in

this thesis were conducted using 0.375′′×6′′×6′′ specimens with a fault angle of 29◦. The specimen

dimensions were later extended to 8′′ × 8′′ specimens of either 3/8′′ and 1/2′′ thickness with a

fault angle of 26◦. Increased specimen dimensions provided longer supershear transition lengths

and expanded observation times of specific events that would otherwise be corrupted by reflected

boundary waves in the case of 6′′ × 6′′ specimens.

3.4.1 Plate buckling analysis of H-100 specimens

Plate buckling ultimately limits the maximum static-compressive stress which can be applied to a

square H-100 specimen assembly. The critical plate buckling stress Pc for a square plate of width w

and thickness t can be estimated using the relationship given by

Pc =
π2E

3(1− ν2)
(t/w)2 (3.7)

(Timoshenko and Woinowsky-Krieger, 1959) where E and ν represent Young’s modulus and Poisson’s

ratio, respectively. Figure 3.11 is a plot of the critical buckling load as a function of the plate width

dimension w. Calculations were conducted by assuming a value of E = 5.2× 109GPa and ν = 0.34
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Figure 3.11: Critical buckling stress versus plate base dimension w for a square H-100 plate of
thickness t1 = 3/8′′ and t2 = 1/2′′

(Rousseau and Rosakis, 2009). The graph clearly shows how the critical buckling load is reduced

by more than 50% when the base width of the H-100 assembly is extended from 6′′ to 8′′ for a

plate thickness of 3/8′′. The plot also shows how the critical buckling load safety margin is easily

recovered when the 8′′ × 8′′ specimen plate thickness is increased from 3/8′′ to 1/2′′. Note however,

that a 1.8× increase in the applied hydraulic force is now required to generate an equivalent static

compressive stress in a 0.5′′ × 8′′ × 8′′ test specimen.

3.5 Fabrication and surface preparation of H-100 laboratory

earthquake specimens

The general process flow for the fabrication of laboratory earthquake test specimens is depicted in

Figure 3.12 and discussed in the following sections. The upper-left quadrant (I) depicts a mated

pair of quadrilateral H-100 test sections cut from H-100 sheet stock. The parts are machined to

specified tolerances by a CNC milling operation. Specimen dimensions and fault surface texture

are carefully examined as detailed later in this section. The lower-left quadrant (II) depicts the
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Figure 3.12: Overview of H-100 specimen fabrication and surface preparation

polishing step used to remove all surface defects. The mating test surfaces are mounted together in

a steel jig and polished together as a pair using a 1 µm cerium oxide suspension. The accompanying

image in (II) reveals how the resulting test surfaces are polished to a near-optical-grade finish, free

of the machining grooves and other surface defects. The inset depicts a specimen identification

number written on the opposite edge of the specimen, which was imaged through the polished,

optically transparent test surfaces. The upper-right quadrant (III) depicts two 127 − µm-diameter

semi-circular channels that are machined into the polished surfaces at the desired rupture nucleation

site. The two channels should meet to form a tiny hole passing through the frictional interface in the

mated specimen assembly. The 79− µm-diameter NiCr wire filament is seated within this cavity in

the assembled specimen configuration and used to trigger a dynamic rupture. The lower-right-hand

quadrant (IV) depicts the final roughened surface texture, which is achieved through a micro-bead

blasting treatment. The abrasive media is typically comprised of tiny glass beads with diameters

ranging from 105 µm – 210 µm (70–140 mesh size). Precise repetition of the bead-blasting procedure

from specimen to specimen assures a consistent surface roughness from experiment to experiment.

A detailed description of these procedures is presented in the following sections.
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Figure 3.13: Machined H-100 quadrilateral test sections: s = 6” and s = 8” mated pairs

H-100 is obtained in sheet stock form from the Homalite Division of the Brandywine Investment

Group Corporation. Typical sheet dimensions are 21′′ × 31′′ and the material is made available in

standard thicknesses of 0.031 in, 0.045 in, 0.062 in, 0.093 in, 0.125 in, 0.25 in, 0.375 in, and 0.500

in. H-100 sheet stock can exhibit inherent curvature resulting from fabrication processes or possibly

even the manner in which it has been stored. It is for this reason that H-100 sheet stock should be

kept stacked flat in a cool dry environment whenever possible.

A standard sheet of H-100 is first cut into either 6.375′′ × 7′′ sections or 8.375′′ × 9′′ rectangular

sections using a band saw operation, depending upon whether final specimen dimensions of 6′′ × 6′′

or 8′′ × 8′′ test specimens are desired. Each individual “rough cut” rectangular section is then

firmly clamped onto a tooling fixture within the CNC milling machine. Detailed specifications

obtained from machine drawings are encoded into a computer-aided machining (CAM) program that

drives and controls the CNC milling machine. The feed rate and spindle speed of the CNC milling

machine are set according to documented guidelines in order to prevent chipping and fracturing

during this machining operation. The part is also constantly sprayed with machining oil in order

to prevent overheating of the part and tool during the cutting operation. A diagonal cut of the

clamped rectangular section is executed using a 3/16′′ flute-standard Carbide square end mill in

order to create two quadrilateral sections. The two “rough cut” quadrilateral test sections are

appropriately marked and maintained together as a mated set. After completing the diagonal cut,
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the outer perimeter of each clamped quadrilateral section is trimmed down using the same 3/16′′

flute-standard Carbide square end mill. After this first milling operation is completed, the Carbide

square end mill is replaced by a newer and sharper 3/16′′ Carbide tool and the process is repeated in

order to complete the operation using a conventional cutting operation. Each quadrilateral section

is then re-clamped using additional clamps and trimmed down to specified dimensions using a 3/8′′

flute-standard Carbide square end mill. A final finishing operation is then executed using a 5/16′′-

flute standard Carbide square end mill to produce a finely machined surface. Finish parts should be

accurately machined to within ±0.005′′ of the specified dimensions. The final angle of the diagonal

edge (test specimen fault surface), measured with respect to the base edge of dimension s, should be

machined to within ±0.25◦ of the desired fault angle. Figure 3.13 shows a typical pair of machined,

H-100 quadrilateral test sections with base dimension s = 6 inch, which are contrasted beside a set of

larger quadrilateral test sections with base dimension s = 8 inch. Note as well the protective plastic

film, which is adhered to the parts in order to protect the integrity of the specimen faces during the

machining phase. Both specimen sizes were utilized in the experimental investigations conducted in

support of the results presented in this thesis. The justification for choosing one dimension over the

other is addressed in the various sections where these experiments are presented and analyzed.

The final machining operation involves milling the cylindrical wire channels into the quadrilateral

test sections. A 0.005′′ diameter cylindrical cavity is machined at the desired offset location as

depicted in Figure 3.8. Precise location of the wire channel is specified by the distances D1 and D2,

as shown. H-100 specimens have traditionally been machined with a pair of mated wire channels.

In this case the wire is seated within one of the channels (typically the channel milled into the

bottom test section), which is aligned directly opposite to a second identical cylindrical cavity.

Inspection of the H-100 interface in the region of the milled wire channels with the aid of an optical

microscope has revealed that the wire channels are typically misaligned by at least a full channel

diameter, when the two test sections are mated together. This is mainly a consequence of dimensional

tolerances. It is certainly possible to machine wire channels that will be properly registered when

the plates are mated together but the procedure is manually intensive, which results in longer
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machining throughput time and increased machining costs. Having noted this issue, many successful

experiments have been conducted using a single wire channel machined into only one of the H-100

plate test sections (typically the bottom plate). Dynamic ruptures have been successfully nucleated

and the experimental results appear similar in all respects to previous data collected using specimens

with two opposing wire channels. It remains inconclusive as to what role, if any, the second wire

channel plays or whether it is actually critical in any way to the success of laboratory earthquake

experiments

In anticipation of surface polishing and micro-bead blasting procedures, a decision must be made

early on as to whether the wire channel should be milled right away or later on once the final desired

surface texture has been achieved. Polishing is conducted in order to remove any grooves or other

surface defects induced by machining as a prerequisite step to the surface-roughening (micro-bead

blasting) procedure. However, excessive polishing of the fault surfaces can easily lead to the erosion of

the wire channel, or at the very least a significant reduction of the wire channel depth. Furthermore,

the experiments naturally depend upon the integrity of the final roughened fault surfaces and so

it would seem unwise to resubmit bead-blasted specimens to the machine shop for the final wire

channel milling step. Note as well that the depth of the wire channel relative to the fault surface is

largely preserved during bead blasting even though the channel itself does become pitted and even

slightly widened in the process. As it turns out, the decision whether to to mill the wire channel right

away or until after the polishing step is completed depends upon the the surface quality of the “as

machined” test specimens. The approach that was adopted in the vast majority of the experiments

presented in this thesis was to mill the wire channels after completing the polishing step and prior

to the bead-blasting procedure. However, alternative process flows, such as milling the channel

right away and even milling the wire channel after bead blasting, were also experimented with on

occasion. There appear to be no obvious anomalies associated with the data collected in these

experiments that can be attributed to the surface preparation process flow. The common ingredient

in all cases was a wire channel of sufficient depth such that the NiCr filament was properly seated

and maintained just below the fault surface. The main point here is to be aware of these issues and



67

(a)  “conventional  cut” using  worn  
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Figure 3.14: Surface texture of H-100 specimen surfaces resulting from conventional-cut and end-cut
milling operations

to have solution paths in place depending upon the initial state of the “as machined” test specimens.

There are three key indicators that are used to judge the quality of “as machined” H-100 test

specimens: (1) surface texture, (2) overall planarity of the fault surface, and (3) the perpendicularity

of the fault surface with respect to the face of the test specimen. Each of these factors can have a

direct bearing on the success or failure of an experiment.

3.5.1 Machining-induced surface defects

The use of worn end mills can induce deep machining grooves that run parallel to the fault surfaces.

Surface defects of this type are depicted in Figure 3.14a. It can take considerable time and effort to

polish out these surface defects. Besides the added time and effort, excessive polishing of the fault

surfaces can potentially erode the wire channel and degrade the planarity of the fault surface. Figure

3.14b shows how a significantly smoother surface texture was achieved by the same conventional

milling operation, but with a newer and sharper end mill. Even smoother surface textures can be

achieved by the same conventional cutting operation if a brand new set of end mills are used for each

H-100 mated pair. A second type of milling operation, referred to as an “end cut” milling procedure
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was also explored. Figure 3.14c reveals the characteristic circular swirl pattern that results from

this type of milling operation. The circular grooves in this instance were found to be quite shallow

and could be polished away with a reasonably minimal effort. The image in Figure 3.14d represents

the smoothest surface that was attained using the “end cut” milling procedure. The surface quality

in this instance was superb and polishing of the test piece was technically not even required.

3.5.2 Planarity and perpendicularity of machined fault surfaces

Strict attention was paid to how well the material was clamped during the machining and cutting

operations. Care was also taken to position tooling clamps on either side of the planned diagonal

cut, while keeping the clamps as close as possible to the path of the cutting tool, so as to prevent

the edge of the part from curling and lifting up as residual stresses were relieved during the course of

the cutting operation. Proper clamping of an H-100 work piece is critical in achieving planar fault

surfaces that are also perpendicular to the face of the part. The planarity and perpendicularity of

“as machined” H-100 test specimens were routinely checked by laying a mated pair of quadrilateral

test sections on a flat glass plate and butting the two halves together, as schematically depicted

in Figure 3.15. Two small pieces of clear cellophane tape were placed across the interface near

the lower-left and upper-right-hand corners of the mated parts in order to keep the parts from

slipping or separating during the inspection process. The interface was then examined using a 130x

USB microscope camera (Sharper Image CN311), which features a variable magnification. Low-

magnification images of the interface obtained at 3 unique locations along the fault are depicted in

Figure 3.15. The right and left lateral configuration description refers to the fact that both sides

of the test specimen assembly were inspected. The images reveal a very tight interfacial seam in

all 6 images, which is characteristic of a very well machined test specimen. The small semi-circular

channel for seating the NiCr wire filament is seen at the center of the upper-right image in the left

lateral configuration. The upper-left image of the right lateral imaging configuration was obtained

from a region just beyond the wire channel, which explains its absence from that image.

Figure 3.16 contains images obtained from a different specimen interface, which featured a “wedge
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LEFT LATERAL RIGHT LATERAL  

Figure 3.15: Optical inspection of H-100 test specimen revealing a well-machined laboratory earth-
quake specimen

gap”. In this case, the microscope was deliberately tilted to produce the right lateral images.

The images provide a clear view of the frictional fault seen looking through the transparent H-

100 specimen face. The image in the upper left corner reveals the milled semi-circular wire channel,

which has been machined into the lower quadrilateral test section. A close-up view of this image and

the accompanying two images reveals a very tight seam defining the frictional interface. The same

test specimen was then turned over and imaged at the three corresponding locations, as depicted

in the left-lateral image configuration. In this case only the upper right-image was obtained using

a tilted imaging perspective. Note in particular how the interface is no longer as sharply defined

compared to how it appeared on the opposite side when viewed in the right-lateral coinfiguration.

The thick black region aligned with the interface corresponds to a physical gap between the edges

of the two mated fault surfaces. The remaining two images in the left-lateral imaging configuration

also reveal the same type of gap. The corresponding right- and left-lateral imaging perspectives

collectively reveal a wedge-shaped gap, since the edges of the fault surface on the opposite side were

seen to be in contact. Hence, in this particular case the highly planar fault surfaces are not quite
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perpendicular to the face of the test specimen. Although this situation appears less than ideal at first

glance, it turns out that the wedge angle is actually quite small. Using the wire channel diameter

as a length scale, the gap is estimated to be 100 µm, which translates to a wedge angle on the order

of 10 mrad (since the part is 10 mm thick). Specimens such as the one depicted in Figure 3.16

can therefore still be successfully tested, as the gap will close under the applied static compressive

load. Nonetheless, this particular example begins to reveal some of the consequences that may arise

when machining tolerances are not met. In the case of larger wedge angles the assembly may be

prone to buckling. Another worst-case scenario (not depicted here) corresponds to the situation

where the width of the gap starts out small at one end and continuously increases all the way to

the opposite end of the fault. This scenario is generally associated with curved fault surfaces, which

typically arise from excessive polishing whereby the initial machined planarity is lost and the parts

have conformed more to the (concave) profile of the polishing surface. These worst-case specimens

with curved fault surfaces require a considerable static compressive load before the curvature is fully

overcome and a proper interface is formed. This is typically accompanied by severe stress gradients,

which in the worst case can conspire to suppress rupture nucleation altogether. The importance

of obtaining the flattest and smoothest possible “as machined” surfaces right from the outset and

preserving or even improving the flatness of the part cannot be overstated.

3.6 H-100 specimen surface polishing procedure

A specimen-polishing procedure is typically conducted in order to remove any surface defects that

may have resulted from the CNC milling process. As previously discussed, the polishing step should

generally be conducted prior to milling of the wire channel unless the parts are consistently machined

to a high-quality surface finish. If this is indeed the case it may be possible to have the wire channel

machined before the polishing procedure without any risk of eroding the wire channel.

Two mated H-100 quadrilateral test sections are clamped together by a heavy steel jig as shown

in Figure 3.17a. Two rectangular steel blocks measuring 12′′ × 2.5′′ × 1′′ are fastened together by a

pair of 3/8”–16 socket head screws. A 9.625′′ center-to-center spacing between the screws provides
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Figure 3.16: Optical machining inspection of H-100 test specimen revealing a wedge gap resulting
from non-perpendicular fault surfaces

(a)! (b)!

Figure 3.17: (a) Mated pair of H-100 quadrilateral test sections (s = 8”, thickness = 0.5” ) mounted
in steel polishing jig. (b) 12” diameter polishing wheel with Buehler UltraPoTM 40-7452 PSA-backed
polishing cloth and 1 µm cerium oxide suspension (Buehler Ltd. #40-6355-006 Micromet polish)

enough clearance for mounting a mated pair of 8′′ quadrilateral test sections, as depicted in the

image. The entire assembly is initially placed on a flat glass plate prior to tightening the bolts. The

glass plate and H-100 specimen surfaces are carefully cleaned with acetone prior to this step in order

to avoid the possibility of entrapping hard particulates that might otherwise scratch the H-100 fault

surfaces. Other solvents such as such as methanol may also be used. Small thin strips of paper (not
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visible in the image) are placed between the steel blocks and the glass plate in order to create a

very short stand-off distance. A slight downward pressure is then applied to the mated H-100 test

sections in order to force the fault surfaces to become flush with the flat glass reference surface below.

The entire assembly is gently squeezed and the bolts are hand tightened and then firmly snugged

using a 5/16 Allen wrench. The jig assembly is then flipped over and carefully inspected. The first

thing to note is whether the interface between the mated, clamped H-100 sections is smooth and

continuous, or whether a step-height discontinuity can be detected. There is no better way to check

this than to run your index finger along the seam. The second critical point to check is whether a

proper stand-off distance has been established by the thin paper shims between the plane set by the

H-100 fault surfaces and the bottom edges of the steel blocks. The short but finite stand-off height is

critical to the polishing process and insures that the H-100 fault surfaces will rest upon the polishing

surface during the manual polishing operation, while experiencing the weight imposed by the steel

jig. Meanwhile the jig itself is kept from making any contact with the polishing surface. The mated

H-100 test surfaces were polished together as a pair using a 1 µm cerium oxide suspension (Buehler

LTD #40-6355-006 Micromet polish) with a Buehler UltraPoTM 40-7452 PSA-backed polishing cloth

on the 12” diameter polishing wheel depicted in Figure 3.17b.

Early attempts at polishing using a manually guided polishing procedure on a motorized polishing

wheel resulted in highly transparent surfaces that unfortunately also exhibited significant curvature

along the long axis of the fault surfaces. Use of an electrical-motor-driven polishing wheel induced

greater instability, making it more difficult to maintain the test pieces normal to the plane of the

polishing surface. The surface curvature is not immediately visible to the eye and the parts may

appear extremely flat at first glance. Inspection of the interface as discussed in Section 3.5.2 is the

ultimate indicator. Convex fault surfaces are revealed if one extreme edge of the fault displays a

tight interfacial seam while the opposite end exhibits a pronounced gap or vice versa. This was the

most common form of curvature that was detected and is likely an indicator that the polishing wheel

itself exhibits a concave profile, which the parts generally conform to if excessively polished.

The jig assembly containing the mated test sections should be held firmly using two hands and
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Figure 3.18: H-100 specimen fault surfaces polished to a near-optical-grade finish

slid around the circumference of the polishing surface in one continuous motion at approximately 1

rev/second. Only a gentle pressure is required and the weight of the steel blocks and relatively low

center of gravity should be enough to maintain proper contact between the specimen surfaces and

the polishing media. Polishing should be sustained for approximately 60 revolutions before stopping

to evaluate progress. The assembly is then rinsed with water and dried, ideally using a centralized

high-pressure air hose in order to thoroughly dry the specimen surfaces and prevent the formation

of streaks that may result from wiping the surface dry. When examined under normal room-lit

conditions, the specimen fault surfaces should already be transparent in certain regions. The most

critical factor at this point is to note whether one plate is becoming more polished and transparent

than the other. If so, then this is a clear indication of a step-height discontinuity between the test

sections. The jig must be then be disassembled and cleaned and the parts once again remounted

using the flat glass plate. With experience this process becomes routine and the two mated test

surfaces become one continuous test surface with respect to the polishing wheel surface. Polishing is

continued until the specimen fault surfaces become completely transparent. If the parts are properly

machined and well aligned within the jig, then it should not take more than 5 minutes of polishing

to achieve completely transparent test surfaces that are free of any major surface defects. Figure

3.18 shows two images taken by the 130x USB optical microscope under low magnification. Note

the wire channel in the image on the right and the lack of any significant surface defects in either

image. A nearly optical grade surface finish can be achieved using this simple polishing procedure.
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3.7 Micro-bead blasting procedure for surface roughening

of H-100 test specimens

The polished fault surfaces of laboratory earthquake specimens are uniformly roughened in a micro-

bead blasting chamber. The surfaces are pitted by a jet of tiny glass beads of a selected size range,

which are accelerated toward the specimen fault surfaces by a blast pressure of 20-60 PSI. Glass

bead blasting media is obtained from McMaster-Carr and is supplied according to “mesh size”,

a designation that is commonly used in determining the particle size distribution of a granular

material. The table in Figure 3.1 provides a conversion between the mesh-size range of available

glass beads supplied by McMaster-Carr and the corresponding range of particle diameter. The use

of one particular size within a given study is dependent upon the nature of the surface roughness

desired in that particular investigation. All of the experimental data that is discussed and analyzed

in this thesis was obtained using H-100 test specimens whose surfaces were prepared using a mesh

size range (70-140) or particle diameter range (105 µm – 210 µm).

A mated set of polished H-100 test specimens is mounted within the same steel jig used in the

polishing procedure and positioned within the bead-blasting chamber, as depicted in Figure 3.19. A

glass plate is once again used as a reference surface for assembling the polished test pieces within

the steel jig. All surfaces are thoroughly cleaned prior to assembly in order to avoid scratching the

polished surfaces. Note that the use of a thin paper shim is not required as it was in preparation for

the polishing procedure. The objective in this case is to make all surfaces flush with the surface of

the glass plate in order to avoid eroding the edges of the H-100 test sections during the bead-blasting

procedure. The assembly should be squeezed together with light pressure applied from above while

the 3/8”–16 socket head screws are finger tightened. The assembly is then flipped over and stood

upright on the work bench. The seam formed between the two mated test sections should be smooth

with no detectable step height discontinuity along the entire length of the mated assembly. The test

pieces may be gently shifted if necessary in order to make the surfaces flush. Attention must always

be paid to make sure that the fault surfaces do not extend out beyond the exposed surfaces of the
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Mesh size range (US) Particle diameter (µm)
40–60 250–400
60–120 125–400
70–140 105–210
100–170 149–210
170–325 44–88

Table 3.1: Simple table for converting Mesh size to glass bead diameter

steel jig. The 3/8”–16 socket head screws may then be tightened using a 5/16 Allen wrench once

the H-100 specimens have been properly adjusted within the jig.

A mask should be worn during all phases of the bead-blasting operation in order to avoid inhaling

any fine dust particles. Glass beads are stored in a sealed plastic bin and transported from the

laboratory to the machine shop where the bead-blasting unit resides. The bead-blast chamber

should be thoroughly flushed of previously used bead-blast media at the start of each session. This

is a very quick and easy process, which mainly involves dumping out whatever material is sitting in

the chamber bin. The machine is then run for 30 seconds and residual material collected within the

bin is once again dumped. Fresh glass beads are then poured into the chamber.

The clamped specimen assembly is then positioned against the rear wall of the bead blast cham-

ber, as depicted in Figure 3.19. Once the jig assembly is properly positioned, the chamber door is

closed and sealed tight by two latching clasps. The unit is turned on and a partial vacuum is created

in the test chamber. A set of sealed rubber gloves allow the operator to hold and operate the gun

assembly inside the chamber. A foot pedal is then used to apply air pressure to the gun nozzle. The

nozzle is maintained at a fixed distance of 5-10 inches from the test surface and swept vertically up

and down in order to uniformly roughen the H-100 surfaces. A systematic and repeatable procedure

was established and applied for every specimen that was prepared in this manner. H-100 specimens

were bead blasted by counting out 20 total strokes at approximately 4 sec/stroke, where a stroke

corresponds to a single directional sweep, either up or down.

Once completed, the specimen assembly is removed from the test chamber and cleaned off using

a high-pressure air line. The glass bead blast media was then immediately re-ollected into the
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Figure 3.19: H-100 specimens positioned within micro-bead blasting chamber

plastic bin and transported back to the lab. Glass beads were never left unattended in the chamber

for any prolonged period of time in order to avoid the possibility of the beads being inadvertently

used to blast some other material, which might otherwise contaminate the media. The H-100 test

sections were then removed from the jig and thoroughly cleaned with acetone. The steel jig was also

thoroughly wiped and cleaned and stored away for later use.

3.8 Surface roughness evaluation of H-100 specimen surfaces

Surface texture is typically characterized using either an optical (white-light interferometer) or stylus-

based measurement technique which reports the surface height variation as a function of scan po-

sition. The generic term surface texture encompasses a number of topographical parameters such

as “waviness” and “roughness”. Waviness corresponds to low-frequency (long-wavelength) surface

irregularities whose spacing is significantly greater than the data sampling period, while roughness

pertains to higher-frequency (short-wavelength) surface irregularities. The surface waviness profile

is obtained by subjecting the surface height data to a low-pass filtering operation. Surface rough-

ness, on the other hand, is determined through a high-pass filtering operation. The choice of an

appropriate low- or high-pass cut-off frequency must be carefully evaluated on a case-by-case basis.

Measurement standards such as (ANSI/ASMEB46.1-2009, 2009) provide guidance for establishing
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Figure 3.20: Parallelepiped H-100 specimens submitted for surface roughness evaluation

appropriate cut-off frequencies when attempting to extract waviness and roughness from surface

height-data. A recommended “rule of thumb” for determining surface roughness is to select a high-

pass-cutoff wavelength equal to 1/100 the entire length of the scan (Chi et al., 2004). Standard

parameters that are commonly used to quantify surface roughness are the average roughness (Ra),

given by

Ra =
1
L

∫ L

0

|z(x)|dx (3.8)

and the root-mean-square (RMS) roughness given by

Rq =

√
1
L

∫ L

0

z(x)2 dx (3.9)

where x represents the scan position, z(x) is the surface height function, and L corresponds to

the total scan length. The quantity Ra is commonly quoted and corresponds to the arithmetic

average surface deviation from the mean line within the scan length (L). The quantity Rq, is a

more statistically meaningful quantity, which corresponds to the root-mean-square average of the

departures of the roughness from the mean line. Analogous definitions may also be applied to the

characterization of waviness (Chi et al., 2004).
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A surface roughness evaluation was conducted on four individual H-100 samples corresponding

to (a) a well-machined surface (b) a fine-polished surface (c) a bead-blasted surface prepared using

104 µm – 211 µm (70–140 mesh size) glass beads, and (d) a tested (ruptured) H-100 test surface,

which was initially bead blasted. Test samples were carefully sectioned from original quadrilat-

eral test sections into parallelepiped shaped strips measuring 173 mm × 12.7 mm × 10 mm, as

depicted in Figure 3.20. The four H-100 surface roughness specimens were sent to the University of

Colorado—Advanced Photonics Technology Center (CAPT) Lab for high-resolution surface rough-

ness evaluations using a DektakTMsurface profilometer manufactured by Veeco Instruments, Inc.

The instrument features a diamond tipped stylus with a 200 nm radius that maintains physical

(low- force) contact with the test surface in order to detect height variations in the surface topog-

raphy (Chi et al., 2004). The stylus remains fixed and in contact with the test surface at all times

as the sample is physically displaced across a flat reference surface with the aid of a high-resolution

translation stage. A linear variable differential transformer (LVDT), which is coupled to the stylus,

produces an analog signal (proportional to displacement) that is properly amplified, filtered, and dig-

itally recorded. A properly calibrated and vibration isolated DektakTM profilometer is theoretically

capable of resolving surface height variations as small as 10 Å (Chi et al., 2004).

A 173 mm-length line scan was conducted across the full length of each test sample with the

instrument stylus positioned at the midpoint of the 10 mm cross-sectional width. Data was collected

with a data sampling frequency of Fs = 378.0718 points/mm, which translates into a sampling

interval of δXs = 2.645 µm. Raw data files representing the sample surface height as a function

of the linear scan position were obtained from CAPT and analyzed at Caltech using an internally

developed Matlab R© data reduction algorithm. The raw “as received” data set contained scan line

coordinates expressed in microns and the surface height z(x) in Angstroms. Each scan began from an

initial position x0 = 24 mm and terminated at a final position xf = 196.9974 mm, corresponding to

a scan length L = 172.9974 mm between the initial and final positions of the DektakTM translation

stage.

The Matlab program reads in each data file and promptly converts the scan dimension to mil-
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Figure 3.21: Dektak profilometer surface height line scan of an “as machined” H-100 surface. Plots
in left column were obtained using a high pass cutoff wave length λc = L/15. Plots in right column
were obtained using a high pass cutoff wave length λc= L/100.

limeters, and surface height data from angstroms to microns (1 Å = 10−4 µm). The raw files are

then plotted and a specific region of the data is selected for roughness analysis. Filtering is achieved

using an nth-order low pass digital Butterworth filter given by [B,A] = BUTTER(N,Wn) in Matlab.

The variable N represents the integer order of the Butterworth filtering function. Wn corresponds

to a normalized cut-off frequency (0 < Wn < 1), whereby the value Wn = 1 corresponds to a cut-off

frequency equal to one-half the data sampling rate in accordance with the Nyquist theorem. The

normalized cut-off frequency was defined as

Wn = fc/(Fs/2) (3.10)

within the code where fc represents the user-selected low-pass cut-off frequency and Fs corresponds

to the data-sampling frequency (in this case Fs = 378.0718 points/mm). The presence of the factor 2

in the denominator assures that the user-selected cut-off frequency expressed within the numerator

cannot exceed Fs/2, since the function requires (0 < Wn < 1). The raw surface height data is

filtered by imposing the selected cut-off wavelength in a fourth-order low-pass Butterworth filtering

operation.
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The Butterworth filtering operation always results in a filtered curve that is shifted to the right

with respect to the original surface profile. The induced phase shift appears constant across the

data set and is a known residual effect of the Butterworth filtering operation. Although there

are sophisticated techniques available for correcting this problem, a simple solution was adopted,

which simply involved shifting the data array to the left using the “circshift” function in Matlab.

The shift was checked by plotting the filtered data superimposed upon the original surface height

profile. Corresponding peaks in the original and filtered curves were realigned after only a few

iterations following an initial guess. An optimized and fully automated shift procedure can easily

be implemented in the future if required.

Figure 3.21 depicts the surface height z(x), waviness, and surface roughness profiles obtained

from the “as machined” specimen surface. Data corresponding to the central 100 mm portion of

the scan length was analyzed and the distance units displayed within the plots correspond to the

absolute scan position of the stylus in the instrument frame of reference. Plots along the left column

were obtained using a cut-off wave length λc = L/15 (11.53 mm), while plots within the right

column resulted from a cut-off wave length λc = L/100 (1.73 mm). The cut-off wavelength λc=

L/15 corresponds to a normalized frequency Wn = 0.00046 in the Butterworth filter, while the cut-

off wavelength λc = L/100 corresponds to a normalized frequency value Wn = 0.0031, in accordance

with Eq. 3.10.

The raw surface height data is represented by the yellow curves within the top-left and -right

panels of Figure 3.21. The black curves shown superimposed upon these plots are the filtered and

phase-shift-corrected waviness profiles, which are replotted and contrasted side by side within the

central panels of Figure 3.21. As expected, the curve on the right incorporates more detail from

the original surface height profile. The large-amplitude oscillations in the resulting waviness profile

correspond to tooling marks introduced by the milling procedure.

Surface roughness profiles were obtained through a “high-pass filtering procedure”, which simply

involves subtracting the waviness profile from its corresponding surface height profile. The resulting

surface roughness profiles are each plotted in the lower-most panel of Figure 3.21. The λc = L/15
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Figure 3.22: Dektak profilometer surface height line scan of a surface-roughened (micro-bead blasted)
H-100 surface. Plots in the left column were obtained using a high-pass cut-off wave length λc = L/15.
Plots in the right column were obtained using a high-pass cut-off wave length λc = L/100.

filtering criteria resulted in a surface roughness profile with an average surface roughness of Ra =

0.502 µm and RMS roughness value of Rq = 0.617 µm while the λc = L/100 criteria yielded average

and RMS surface roughness values of Ra = 0.259 µm and Rq = 0.324 µm, respectively. The

measured values for Ra and Rq differ by almost a factor of two.

This particular case highlights how the choice of the cut-off wavelength can be somewhat am-

biguous in the absence of any additional physical constraints. Imposing the criteria λc = L/100 as

per the ANSI/ASME B46.1 specification may be perfectly justified for a standard surface inspection

procedure but it may be not make any sense at all to apply this criterion to a laboratory earthquake

specimen. A more physically meaningful length scale should be considered, such as the frictional

break down zone or the pulse length spanned by a propagating slip pulse (sub-Rayleigh or supers-

hear). The idea being that at any given moment a rupture is spread across a characteristic distance

and thus never directly encounters surface wavelengths that exceed this characteristic distance. It

therefore seems reasonable to bound the low-pass cut-off wavelength such that λc > Vr∆τ , where

Vr is the rupture speed and ∆τ is the temporal pulse width. In laboratory earthquake experiments

this effectively translates into characteristic lengths ranging from 1 cm–2 cm based upon typical

pulse widths and rupture speeds that are routinely measured. A reasonable choice for the cut-off
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Figure 3.23: Dektak profilometer surface height line scan of a fine-polished H-100 surface. Plots
in the left column were obtained using a high-pass cut-off wave length λc= L/15. Plots in the right
column were obtained using a high-pass cut-off wave length λc = L/100.

wavelength might then be λc = 11.5 mm, which in relation to the scan length L = 173 mm of

the recently tested samples conveniently translates to a low-pass cut-off criteria λc = L/15. The

decision to contrast this particular cutoff wavelength with the “recommended” value of λc = L/100

was motivated by this logic.

Figure 3.22 contrasts the surface height z(x), waviness, and surface roughness profiles obtained

corresponding to the polished specimen. The waviness curve reveals a convex surface profile, which

“climbs” 60 µm across a specimen distance of 100 mm. When viewed at this scale, the waviness

curves appear nearly identical to the original surface height profiles. However, there are subtle

differences between each respective set of curves, which appear across a much finer amplitude scale.

The surface roughness plots displayed in the lower-left and -right panels reveal the very fine surface

roughness measurements that resulted from the high-pass filtering procedures. The λc = L/15

filtering criteria resulted in a surface roughness profile with an average surface roughness of Ra =

0.016 µm (160 Å) and an RMS roughness value of Rq = 0.021 µm (210 Å), while the λc = L/100

criteria yielded average and RMS surface roughness values of Ra = 0.011 µm (110 Å) and Rq =

0.015 µm (150 Å), respectively. Measured values are trustworthy, since they are still a full order of

magnitude above the instrument’s noise floor. Optical-grade surface finishes are clearly achieved by
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Figure 3.24: Dektak profilometer surface height line scan of a tested (ruptured) H-100 surface. Plots
in the left column were obtained using a high-pass cut-off wave length λc = L/15. Plots in the right
column were obtained using a high-pass cut-off wave length λc = L/100.

the polishing techniques discussed in Section 3.6. In this case note how the two filtering operations

yielded similar surface roughness values and that there was not much gained by imposing the lower

cut-off wavelength, since the magnitude of the surface roughness and waviness profiles are orders of

magnitude apart.

The surface of the bead-blasted test piece was roughened using glass beads corresponding to a

mesh size (70–140) using the standard micro-bead blasting procedure discussed in Section 3.7. Curves

depicted in Figure 3.23 once again contrast the waviness and surface roughness profiles obtained at

the two cut-off wavelength extremes. The surface height profile reveals a rich surface texture that

contains a spread of high spatial frequencies. The waviness curves reveal a nominally symmetric and

slightly convex global surface profile, which increases by approximately 15 µm between the right

edge of the specimen and the peak of the crown. The λc = L/15 filtering criteria resulted in a surface

roughness profile with an average surface roughness of Ra = 1.157 µm and an RMS roughness value

of Rq = 1.504 µm, while the λc = L/100 criteria yielded average and RMS surface roughness values

of Ra = 1.080 µm and Rq = 1.404 µm, respectively. These values represent the roughness of typical

fault surfaces used in laboratory earthquake experiments. Note that the average (or RMS) depth of

the surface irregularities is two orders of magnitude lower than the mean diameter of the glass beads
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λc = L/15 λc = L/100
Ra(µm) Rq(µm) Ra(µm) Rq(µm)

Machined 0.502 0.617 0.259 0.324
Polished 0.016 0.021 0.011 0.015
Bead Blasted 1.157 1.504 1.080 1.404
Tested (Ruptured) 1.347 1.721 1.252 1.597

Table 3.2: Average roughness (Ra) and root-mean-square roughness (Rq) for (a) as-machined, (b)
bead-blasted (70–140 mesh size), (c) polished, (d) tested (ruptured) surfaces

used in the bead-blasting operation. There was also not much difference between the two filtering

extremes in this case due to a reasonably smooth waviness profile in comparison to the amplitude

of the surface height fluctuations.

The measured surface height, waviness, and surface roughness profile of the tested (ruptured)

specimen are displayed in Figure 3.24. The λc = L/15 filtering criteria resulted in a surface roughness

profile with an average surface roughness of Ra = 1.347 µm and an RMS roughness value of Rq =

1.721 µm, while the λc = L/100 criteria yielded average and RMS surface roughness values of

Ra = 1.252 µm and Rq = 1.597 µm, respectively. The results are quite similar in all respects to the

surface height data obtained from the bead-blasted test piece. Virtually identical observations and

similar conclusions can be drawn from the two cases. As with the previous case there is no technically

significant difference that resulted from using a much shorter cut-off wavelength due to a reasonably

smooth waviness profile in comparison to the amplitude of the surface height fluctuations.

The measured average and RMS surface roughness values obtained for the four samples are

summarized in Table 3.2.

A discrete Fourier transform (DFT) of the surface roughness data was taken using a fast Fourier

transform (FFT) algorithm made available within Matlab. Figure 3.25 is a compilation of one-sided

amplitude spectra of the surface roughness profiles obtained through high-pass filtering using λc

= L/15. The spatial frequency axes extend out to fmax = 12 mm−1 or equivalently a minimum

wavelength λmin = 83 µm. Note that although the spatial frequency axis appears to start f =

0, the first prominent peak corresponds to the original cutoff frequency corresponding to fc =

(1/11.5) mm−1. The amplitude spectrum of the “as machined” specimen’s surface roughness profile
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Figure 3.25: One-sided amplitude spectra of the surface roughness profiles obtained through high-
pass filtering using λc = L/15 (a) as-machined, (b) bead0-blasted (70–140 mesh size), (c) polished, (d)
tested (ruptured) surfaces

is characterized by several distinct and prominent peaks that rise up above the rest of the spectrum.

These peaks are a direct manifestation of the “chattered” surface profile depicted in Figure 3.21.

Laboratory earthquake specimens exhibiting this type of surface profile are not ordinarily tested.

Nonetheless the spectrum reveals the initial state of an “as machined” surface. The “as machined”

spectrum in Figure 3.25 along with the corresponding surface profile, waviness, and roughness profile

in Figure 3.21 collectively reinforce the importance of machining the smoothest possible surfaces

and the additional requirement to polish machined surfaces prior to the micro-bead blasting surface

treatment.

The amplitude spectrum of the polished specimen’s surface roughness profile is two orders of mag-
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nitude lower than the spectra exhibited by the other three specimens. The polished surface spectrum

is characterized by a thin spectral band lacking any prominent peaks. The diminished magnitude

in the case of the polished surface spectrum simply reflects the same two-order-of-magnitude dif-

ference in surface roughness between the polished specimen surface and the other three surfaces as

summarized in Table 3.2.

The amplitude spectrum of the bead-blasted specimen’s surface roughness profile exhibits a

dense array of peaks which gradually diminish in magnitude with increased spatial frequency. There

appears to be no hint of a dominant, characteristic spatial frequency that correlates to the mean

dimensions of the glass beads, as might be ideally assumed. The resulting spectrum reflects a broad

spread of wavelengths spanning several orders of magnitude across the specimen fault surface. The

longer wavelengths in the surface roughness profile may be a relic of the unsteady motion of the

bead blast nozzle as it was swept back and forth across the specimen surface. Density variations

associated with the divergent jet of beads emerging from the nozzle may have also contributed to an

uneven erosion of the fault surface, which is reflected by longer wavelength surface height variations.

The tail end of the spectra corresponding to the higher spatial frequencies may be the result of

smaller, broken-glass particulates that accumulate over time within the glass bead reservoir. As

previously indicated in Section 3.19, the glass beads are typically recollected and reused again in

subsequent surface treatments. It is therefore reasonable to conclude that range of particle diameters

can extended well below the stated glass bead diameter range over the course of time.

The amplitude spectrum of the tested (ruptured) specimen’s surface roughness profile appears

similar in many respects to the spectrum of the bead-blasted surface roughness profile. The slightly

taller peaks in the tested surface spectrum simply result from a higher average (and RMS) sur-

face roughness as summarized in Table 3.2. There appear to be no obvious spectral signatures

linked to the rupture process itself. Finally, apart from a slight difference in overall magnitude, the

strong similarities between the two spectra bode well for the repeatability of the surface roughening

procedure.
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3.9 Introduction of new laboratory earthquake specimen fea-

turing 3D fault geometry

The “contact bonding” technique is well known in the field of optics and has been leveraged for many

years in optical shops for fusing flat prisms together or even temporarily bonding optical components

during fabrication in order to eliminate the added dimensional uncertainty introduced by bonding

agents. The strong adhesion forces generated between flat, polished surfaces are attributed to

attractive van der Waals forces. These intermolecular forces can dominate if a small separation

distance on the order of a wavelength (of visible light) or even less is sustained across a macroscopic

distance (Deryagin, 1967). There appears to be very little published scientific literature (if any) on

the dynamic shearing resistance of intermolecularly bonded surfaces.

A variant of this technique has been recently implemented in order to lock certain portions

of the fault within a laboratory earthquake specimen. The new technique takes full advantage of

the static-compressive load that is ordinarily applied and naturally required in these experiments.

Preliminary findings using the contact bonding method in laboratory earthquake specimens appears

to demonstrate that the adhesion between two polished segments of the specimen fault surface act

as a high-strength barrier to a propagating rupture front.

Figure 3.26 is a schematic representation of a new laboratory earthquake specimen that has been

recently developed and successfully implemented in dynamic rupture investigations. The specimen

fault surfaces contain finely polished segments that adhere under pressure so as to effectively “lock”

the fault and suppress rupture propagation within these regions. The remaining roughened portions

of the fault support rupture propagation and can undergo frictional sliding in the usual manner.

The new 3D fault geometry was originally devised in order to try to suppress a sharp, anomalous

signal disturbance that is consistently observed in supershear particle velocity records. The sharp

secondary signal typically arrives 5−7 µs after the arrival of the primary supershear rupture signal.

There is no observed sub-Rayleigh signal counterpart to this phenomena. An example of a secondary

supershear signal disturbance can be seen within fault-normal (FN) and fault-parallel (FP) particle
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Figure 3.26: New H-100 laboratory earthquake specimen featuring 3D fault geometry

velocity records in Figure 3.32 of Section 3.10, where a more in-depth description and analysis of

this feature is presented. The problem is only briefly mentioned here in order to properly highlight

the role it played in motivating the development of the new 3D specimen fault geometry. The

precise cause of this anomalous signal disturbance is not entirely clear at this time. One hypothesis

is that it may be a direct consequence of the finite plate thickness manifest in the form of strong

radiated waves emitted from the point where the supershear rupture encounters the free surface

on the opposite side of the specimen. The basic premise behind the 3D fault geometry was to

therefore try and lock the fault at depth in an effort to partially arrest the supershear rupture and

prevent it from interacting with the specimen boundary on the opposite side. Experimental results

presented in a later chapter describe how the new fault geometry was used to effectively dampen

the secondary signal disturbance and produce a nearly pulse-like supershear rupture. The resulting

particle velocity records bear some striking similarities to the celebrated 2002 Mw7.9 Denali, AK,

ground motion records obtained at Pump Station 10 near the Alaska Pipeline.

Figure 3.27 depicts a close-up view of 3D fault specimen assembly, comprised of 0.5” thick

quadrilateral sections, shown mounted within the 8′′× 8′′ specimen frame. The roughened frictional
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Figure 3.27: Close-up view of H-100 specimen prepared with 3D fault geometry

fault segments are clearly seen in sharp contrast to the polished segments, which appear highly

reflective as a consequence of total internal reflection (TIR). The TIR condition quickly disappears as

soon as the fault surfaces are compressed, whereupon the polished fault segments become completely

transparent. The 79 − µm-diameter NiCr filament, which is barely visible in the image, is seated

within the channel with external strands temporarily affixed to the specimen faces by cellophane

tape, as shown. Toothless alligator clips are not clasping the wire filament at this stage and are only

engaged once the specimen is placed under load, at which point the tape is removed.

3.9.1 Newfound control of laboratory earthquake experiments using 3D

specimen fault geometry as revealed by experiments

Additional benefits of the new 3D fault specimen have been realized during the course of development

and experimentation. Among the most noteworthy of these newfound features are the following:

(1) the ability to consistently nucleate unilateral ruptures, (2) the ability to partially arrest an

advancing sub-Rayleigh rupture and leverage a stopping phase as a healing mechanism to produce

highly repeatable slip pulses, (3) a new sub-Rayleigh- to-supershear transition mechanism, which

also exhibits a tendency to produce more pulse-like supershear ruptures, and (4) the ability to

precisely control the supershear transition length, which is set by the distance to x = LT depicted in

Figures 3.26 and 3.27. These unique features, along with the increased repeatability and control of
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the experiment afforded by the new design, have now superseded the original reasons for exploring

this type of specimen in the first place. Additional details of these new features are presented here

and then highlighted again in later chapters in relation to specific experiments that were conducted

using the this specimen design.

The 3D fault geometry configuration is naturally prone to nucleating unilateral ruptures by

virtue of the locked fault segment located to the left of the nucleation site. Limitations traditionally

imposed on the effective observation time window are relaxed somewhat since there is no rupture

that terminates at the left boundary to produce strong waves that are normally directed back toward

the particle velocity measurement station. High-speed photoelastic images have also shown that the

circular p-wave and s-wave fronts that propagate into the locked fault segment rapidly attenuate

and produce weak reflections from the left boundary of the specimen.

A unilateral sub-Rayleigh rupture initially propagates along a region of the fault designated as

the “nucleation patch”. The rupture propagates over a distance x = LT until it encounters the

boundary of the polished rectangular fault segment of width w1 as depicted in Figures 3.26 and

3.27. The width of the frictional fault is then abruptly restricted to a depth w2 at this location, as

shown.

Experiments have shown that if the static-compressive load is below a critical threshold (exper-

imentally determined), then a sub-Rayleigh pulse-like rupture will generally emerge. Sub-Rayleigh

pulses are now easier to produce and control compared to ruptures generated using the traditional

specimen geometry, which more often than not result in crack-like ruptures. Although a detailed

analytical or numerical analysis of this rupture scenario has not yet been conducted, it appears that

a repeatable healing mechanism is introduced, perhaps through a stopping phase that is produced

by the partial arrest of the rupture front at the fault boundary boundary. The stopping phase then

propagates forward and assists in healing the trailing edge of the advancing sub-Rayleigh rupture to

produce a pulse-like rupture. Additional details and observations from experiments that explored

this rupture scenario are presented in a later chapter.

A second rupture scenario, which has been experimentally observed arises when the static com-
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Figure 3.28: Masking of H-100 specimen fault surface using Cu tape for protection of polished surface
during bead-blasting step

pressive load exceeds the critical stress threshold, in which case the interaction of the sub-Rayleigh

rupture with the sharp fault boundary at x = LT results in a supershear rupture transition at this

location. The results appear to represent a new type of sub-Rayleigh-to-supershear -ransition that

is unlike the classic Burridge-Andrews mechanism (Xia et al., 2004; Xia, 2005; Lu et al., 2009; Lu,

2009; Mello et al., 2010). The locked section of the fault appears to mimic the manner through

which a high-strength barrier or patch of higher pre-stress can induce a supershear transition, as has

been numerically and theoretically predicted (Dunham et al., 2003; Liu and Lapusta, 2008). The

ability to set the supershear transition length a priori offers unique possibilities for the design of

future laboratory earthquake investigations that would otherwise be difficult to execute based upon

the uncertainty and inherent variation of the supershear transition distance. Additional details and

results of supershear experiments conducted using the new 3D fault geometry are presented in a

later chapter.
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3.9.2 Fabrication of 3D fault specimens

H-100 quadrilateral fault surfaces should machined to a fine surface finish similar to the surface

depicted in Figure 3.14d. The benefit of an initially smooth machined surface finish is the minimal

polishing time that is subsequently required in order to achieve a flat, transparent surface finish

using a manual polishing procedure discussed in Section 3.6.

The H-100 quadrilateral test sections that were used to fabricate the first 3D laboratory earth-

quake specimens were sent to Valley Design Corporation located in Shirley, MA, which specializes

in edge polishing. 8′′ × 8′′ mated pairs of H-100 quadrilateral test sections, machined out of 3/8′′

and 1/2′′ sheet stock were sent out for polishing. According to the vendor, the parts were stacked

and held together within a custom jig in order to lap all of the parts together at once on a flat

lapping surface. A fine-grade diamond polishing compound was used to produce an optically and

flat transparent surface finish. The fault surfaces polished by the vendor were quoted as meeting a

flatness specification of two fringes or less when viewed using an optical flat under a monochromatic

light source. The polished fault surfaces were highly transparent and exhibited excellent planarity

and perpendicularity when mated together and evaluated with a low-power microscope, as previ-

ously detailed in section 3.5.2. The “in-house” manual polishing procedure described in Section

3.6 was developed at a later stage after having tested all of the parts polished by Valley Design,

Inc. Based upon recent discoveries there is very little advantage gained by outsourcing the pol-

ishing work as long as attention to detail is paid in preparing the test specimens according to the

guidelines discussed in this section and previous sections on polishing and surface inspection. It is

highly recommended that an optically flat 12” diameter cast iron hand lapping plate be purchased

(Lapmaster International) and used as a reference surface for mounting the PSA-backed polishing

cloth. A large optical flat and monochromatic light source should also be obtained for quick and

easy inspection of surface flatness.

A robust masking procedure was developed in order to protect polished segments of the fault

surfaces while exposed sections are bead blasted. The H-100 fault surfaces are masked using 3M R© Cu

tape that is ordinarily used for SEM microscopy. Individual rolls of Cu tape in 6.3 mm and 8 mm
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(a)! (b)!

Figure 3.29: (a) Specimen assembly masked and mounted just prior to bead-blasting with polished
fault segments clearly visible. (b) Specimen assembly after bead-blasting procedure showing eroded
Cu tape still intact with roughened fault segments clearly visible

widths were purchased from Ted Pella, Inc. Figure 3.28a shows an H-100 quadrilateral section

securely mounted in a clamping vise. In addition to its resilience against to the bead-blasting

procedure, Cu tape is for all practical purposes inextensible and provides a very straight edge, which

aligns well to the marked boundaries. The various tools used in the masking procedure along with

rolls of Cu tape are also seen on the surface of the lab workbench in Figure 3.28a. Critical dimensions

of the various fault segments are carefully marked off and the Cu tape is then carefully applied to

the surface. Up to 4 layers of tape are typically applied in order to build up a secure layer that will

protect the underlying polished surface. The procedure appears very simple at first glance, but can

take considerable time to complete since the Cu tape must be very carefully aligned parallel to the

marked boundaries. Care must also be taken not to inadvertently scratch the H-100 surfaces with

the blade that is used to trim the tape.

The position of the NiCr wire channel was varied over the course of several experiments in order
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to establish its optimal position. A particular detail that is not easily conveyed by the figures and

diagrams in this section is how the upper fault surface was sometimes masked such that its nucleation

patch segment extended slightly over the edge of the lower polished section by 0.5 mm − 1 mm.

This was only done in situations where the wire channel was milled into the polished segment of the

lower plate as depicted in the inset of Figure 3.26. This small detail prevented the wire filament

from being confined between two flat polished surfaces during nucleation and provided a little bit

more “breathing room” for the nucleation process. Experiments were also conducted with the wire

located within the nucleation patch of the lower test section and positioned 0.5 mm − 1 mm to

the right of the polished segment. In all cases, the wire channel was milled as a final step once the

specimen had been masked and bead blasted. Considerable care was taken protect the integrity of

all surfaces during the wire channel milling operation.

Figure 3.28b shows how two masked, mated test sections are mounted in the steel jig in prepa-

ration for the bead-blasting surface-roughening procedure. Care must be taken to insure that the

two H-100 fault surfaces are evenly aligned within the jig so as to form a flush surface across the

interface where the parts meet together. An index finger is run up and down this seam and the

parts are gently adjusted (before firmly tightening the screws) until there is no detectable step height

discontinuity anywhere along the interface. Note that failure to establish a smooth seam between

the H-100 test sections can result in severe erosion of the corner of the raised test section during

the bead- blasting operation. The jig bolts are snugged tight once the parts are properly aligned.

Masking tape can be applied at the end of the procedure, as shown, in order to prevent some of the

bead blast media from passing thorough the upper and lower gaps between the steel blocks where

it might work its way to the exposed surfaces of H-100 test sections.

Figure 3.29 shows the mounted jig assembly positioned within the bead-blasting chamber both

before and after the bead-blasting operation. Note that in this particular case the upper and lower

gaps between the steel blocks remained unblocked, as opposed to the sample assembly displayed

in the previous image (taken at a later date), which shows the openings covered by masking tape.

The silver-colored tape in the image was 3M Al conductive tape also purchased from Ted Pella,
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1” polished!
“footer” segment !

3” polished!
segment !

Mated 1” polished!
“footer” segments!
In contact !

Mated 3” polished!
segments in contact!

Figure 3.30: Mated pair of 3D laboratory earthquake specimens ready for testing

Inc. The same bead-blasting technique is applied as was previously detailed in Section 3.7. As

previously discussed, care is taken to keep track of the number of strokes and the approximate

speed of each stroke in order to establish a consistent process. Overly aggressive bead blasting

should be avoided as it can lead to a significant step height between the polished and bead-blasted

surfaces. Experimentation with this process is required in order to optimize the process. Typical

specimens used in the experiments discussed in this thesis were bead blasted by applying 20 strokes

at approximately 2− 3 sec/stroke, with a stroke defined as a single pass either up or down the fault

surfaces.

Once the bead-blasting procedure is completed, the tape is promptly removed and the surfaces

thoroughly cleaned using acetone. Figure 3.30 shows a mated pair of 3D laboratory earthquake

specimens fabricated out of 1/2” thick H-100. Note the 3” long polished segment in this particular

instance, as well as the presence of a 1” length polished “footer” segment labeled on the other

test section, which has no direct bearing on the rupture dynamics other than to help establish a

more-uniform static-compressive load distribution across the length of the fault.
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3.10 Observations and discussion of an anomalous secondary

signal observed in supershear particle velocity records

Figure 3.31 corresponds to a pair of high-speed photoelastic images obtained during a supershear

experiment using a 6”×6” laboratory earthquake specimen of 3/8” nominal thickness. The image

frame on the left, acquired at t = 33 µs, depicts a right lateral supershear rupture just as it

crossed the particle velocity measurement station positioned at (−54, 0+) mm. The (+) symbol

simply indicates that the laser velocimeter beams were focused at a point (y < 0.2 mm) positioned

slightly above the fault. The image reveals the expanding circular s-wave front, propagating at

Cs = 1.28 mm/µs, and the trailing sub-Rayleigh rupture within the wake of the shear Mach front,

which propagates at a rupture speed Vr = 1.13 mm/µs (Vr/Cs = 0.88). An average supershear

rupture speed of Vss = 1.7Cs was determined through a frame-by-frame analysis of the high-speed

image sequence.

Particle velocity records obtained during the experiment are displayed in Figure 3.32a.The red

vertical line labeled tp, green line labeled ts, and blue line labeled tsR correspond to the theoretical

arrival times of the p-wave, s-wave, and trailing sub-Rayleigh rupture, respectively. The vertical

dashed line at t = 33 µs corresponds to the arrival time of the supershear rupture at the particle

velocity measurement station. Positive velocity jumps registered by each velocity component along

with the observed dominance of the FP (u̇x) component over the FN (u̇y) mark the arrival of a

stable, right lateral, supershear rupture. The rupture also constitutes a supershear slip pulse, as

revealed by the healing phase of the FP signal, which is momentarily reduced to zero at t = 39.2 µs.

The sub-Rayleigh portions of the particle velocity records in Figure 3.32, which follow the arrival

of the S wave front, are consistent with the signature of a right lateral sub-Rayleigh rupture at

(−54, 0+) mm. The sign of each respective velocity swing corresponds the anticipated sense of

motion registered by a right lateral sub-Rayleigh rupture at this location, while the magnitude of

the FN component dominates over the magnitude of the FP component (as it should). Small-velocity

perturbations in the records following the passage of the sub-Rayleigh rupture are attributed to the
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Figure 3.31: Left image: supershear rupture seen just crossing (54,0+ mm) at t = 33 µs. Right
image: High-speed photoelasic image taken during exp 09-036 revealing faint secondary shear Mach
fronts trailing the primary supershear rupture

arrival of reflected boundary waves, which effectively terminate the experiment.

The supershear particle velocity records are both abruptly interrupted by an anomalous distur-

bance, which appears at the tail end of the primary supershear slip pulse (t = 39.3µs). The effect is

commonly observed in supershear particle velocity records following the arrival of the primary rup-

ture and there is no observed sub-Rayleigh counterpart to this phenomena. The secondary signal in

the FP record appears to mimic the primary rupture signal that it follows and gives the impression

of a second slip pulse. Meanwhile, the secondary signal in the FN record appears as an inverted

and somewhat distorted replicate of the primary FN supershear signal that it follows. Note how

the secondary FP and FN signals in Figure 3.32 appear 180◦ out of phase with each other, while

the magnitude of the secondary FP component dominates over the magnitude of the secondary FN

component, just as it does for the leading supershear rupture signals. Experiments also appear to

suggest that the secondary FN signal is anti-symmetric with respect to the leading signal that it

follows, but this is difficult to establish with certainty due to temporal broadening and amplitude

distortion effects, which are sometimes observed. Although not shown here, vertical (u̇z) particle ve-

locity records obtained in other supershear experiments also feature a secondary signal that appears

inverted (and possibly anti-symmetric) with respect to the primary signal that it follows.

In the case of the first experiment (exp09-036), the leading supershear rupture was able to
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Figure 3.32: (a) Primary (on-fault) supershear particle velocity records acquired during exp 09-036
showing anomalous secondary signal disturbance. (b) S-wave isochrone plot corresponding to exp
09-036

momentarily heal before the secondary signal disturbance arrived and produce a second “replicate”

slip-pulse profile. This is not always the case however, and there are instances where the secondary

signal disturbance prematurely disrupts the trailing edge of the leading supershear rupture signal

and makes it difficult to know whether the original signal was destined to heal or level off into a

crack-like rupture profile. An example of one such case (exp 09-050) is depicted in Figure 3.33.

Note how in this instance the trailing edge of the leading FP signal drops off sharply before being

suddenly interrupted by the secondary signal starting at around t = 36.9µs. The FP signal exhibits

a second sharp velocity jump and reaches a peak velocity slightly beyond the first maxima before
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Figure 3.33: (a) Primary (on-fault) supershear particle velocity records acquired during exp 09-050
showing anomalous secondary signal disturbance. (b) S-wave isochrone plot corresponding to exp
09-050

finally dropping off to produce an odd “doubled peaked” slip-pulse velocity profile. Meanwhile, at

t = 36.9µs, the primary supershear FN signal had clearly settled down to zero before the secondary

FN signal abruptly arrived to induce the negative velocity swing seen in the record. Note as well how

secondary signal profile exhibits a diminished magnitude and a broadened temporal profile compared

to the sharp profile of the leading FN signal that it follows. A careful examination of the secondary

signals also reveals a slight offset in time between the peak in the FP record and the minima in the

secondary FN record. This is attributed to a small horizontal separation between the focused laser

velocimeter beams that were used to generate the records. There are no other peculiar secondary

signal anomalies in the records other than the small velocity increase registered by each component
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starting at around t = 45µs. The observed velocity increase at this time could possibly result from a

supershear daughter crack, but this is unlikely due to the relatively long rise time of these features.

The signal disturbance seen at this time is more than likely attributed to weak residual velocity field

perturbations left over from the rupture nucleation process that propagate just ahead of the circular

S-wave front.

Finally, note once again, as seen in the previous example, how the sub-Rayleigh portion of the

record exhibits the correct sense of motion of a right lateral rupture with the magnitude of the FN

component dominating over the magnitude of the FP component as it should. No secondary signal

disturbances are observed within this portion of the particle velocity records.

A final set of independent and complementary observations related to the secondary signal ob-

served in the supershear records, pertains to the observation of faint “secondary shear Mach fronts”,

which are frequently observed in high-speed photoelastic images at the same time that the secondary

signals are registered. In most cases the secondary Mach fronts are quite faint and go almost un-

noticed while in other instances they can be as rich in contrast as the leading rupture itself. An

expanded view of the high-speed photoelastic image in Figure 3.31b, acquired at t = 37µs, reveals a

faint pair of shear Mach fronts, which trail within the wake of the leading supershear rupture. Care-

ful frame-by-frame tracking of these features yields a projected station crossing time that correlates

with the time at which the secondary signals emerge in the supershear particle velocity records. The

secondary shear Mach fronts in Figure 3.34 are much more obvious. Note that the image frame

corresponds to t = 41µs and that the corresponding tip of the Mach cone has already cleared the

measurement station. Careful frame-by-frame tracking of this feature also shows that it is well cor-

related with the emergence of the secondary particle velocity signals depicted in Figure 3.33. The

fact that the observed supershear secondary signal disturbances emerge in the time period following

the passage of the primary rupture and yet prior to arrival of the sub-Rayleigh rupture signal is

serendipitous. This circumstance has enabled numerous laboratory earthquake investigations where

the presence of these secondary disturbances was largely inconsequential to the main objectives of

the experiment. This was indeed the case for experiments on supershear ground motion that are
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Figure 3.34: High-speed photoelastic image taken during exp 09-050 revealing secondary shear Mach
fronts trailing primary supershear rupture

presented in this thesis, whereby only the leading portions of the particle velocity records leading

up to the peak of the profile, were required. However, as has also been shown here, there can be

instances where the secondary disturbance can interfere with the signal of interest so as to compro-

mise the objective of the experiment. Such is the case in scaled laboratory earthquake investigations

where the entire duration of the record is utilized and the total accumulated slip is scaled to the slip

of a natural earthquake. It is therefore imperative to gain a better handle on the physical nature

and root cause of the anomalous signals observed in supershear particle velocity records. The goal

would be to either eliminate or at the very least partially suppress these effects. The central ques-

tion is whether these collective observations correspond to additional supershear ruptures, which are

spawned during the experiment, or whether they are an unusual artifact produced by the experiment

itself, perhaps related to the finite thickness of the specimen.

3.10.1 Isochrone analysis of supershear ruptures in laboratory earth-

quake experiments

It might appear reasonable to simply interpret the collective observations presented in the previous

section as evidence of “secondary supershear ruptures” spawned during the experiment. Two of the

observations that lend credence to this hypothesis are (1) the observed dominance of the magnitude
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of the secondary FP component over the magnitude of the secondary FN component (a defining

signature of a stable supershear rupture), and (2) the photographic evidence of secondary shear

Mach fronts within the wake of the primary supershear rupture, which are seen propagating in the

same direction as the primary rupture.

The problem with the “secondary supershear rupture” hypothesis is in the observed sense of

motion of the secondary FN (and vertical) signal, and the fact that it is always opposed to the sense

of motion of the leading supershear rupture signal that it follows. The experiments in the previous

section only demonstrated this feature for the case of a right lateral rupture propagating to the

left, which always resulted in a secondary FN signal that exhibited a negative velocity swing. The

result is actually quite general. The tendency of the secondary FN (and vertical) signal to exhibit

an opposite sense of motion with respect to the leading FN (and vertical) signal is consistently

observed in every supershear experiment, irrespective of whether the rupture is right lateral or left

lateral or what direction the rupture travels along (left or right). Simply stated, the recorded net

sense of motion exhibited by the secondary supershear disturbance is opposite to that which is

theoretically predicted for a supershear rupture. Hence, the disturbance cannot correspond to an

actual supershear rupture in the traditional sense.

Based upon this line of reasoning, an alternative hypothesis is considered for the root cause of the

secondary signals and the observed secondary shear Mach fronts. The fact that the experiment is

being conducted within a rectangular waveguide must be kept in mind. The observed signals may be

a direct consequence of a finite plate thickness, as manifested by the delayed arrival of strong particle

motion arising from the supershear rupture tip at the fault boundary located on the opposite side of

the specimen. The information is propagated through the plate by strong P-, SV-, and SH- waves,

which are then subject to symmetric and anti-symmetric modes of propagation in accordance with

the Rayleigh-Lamb problem (Graff, 1991). The observed distortions to the amplitude and temporal

profile of the secondary signals may simply be a consequence of the dispersion problem and the

resulting cut-off frequencies of the various plate modes.

A pragmatic approach based upon isochrone theory was adopted to explore the plausibility of the
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Figure 3.35: S-wave isochrones computed for a sub-Rayleigh rupture propagating across the entire
length of the specimen fault

finite plate thickness hypothesis. A Matlab script was developed, which assumes a rupture velocity

history and calculates all S-wave arrival times at a measurement station located at (x1, y1, 0) on the

surface of the specimen.

As the rupture front propagates it emits P-waves and S-waves that arrive at the measurement

station. The contribution from P-waves are ignored in the analysis and it is only the S-wave arrival

times that are considered. The individual isochrone contours represent loci of constant S-wave arrival

time at the measurement station location. A given isochrone t = t(xs, zs) therefore represents the

only points on the fault that contribute to the S-wave information that reaches the measurement

station at time t.

The arrival time of an S-wave disturbance at (x1, y1,0), corresponding to the passage of a super-

shear rupture front at some point (xs,0,zs) on the fault, is given by

t(xs, 0, zs) =
∫ Lc

0

1
Vr(x′s)

dx′s +
∫ xs

Lc

1
Vss(x′s)

dx′s +

√
(x1 − xs)2 + y1

2 + zs2

Cs
+ tdelay (3.11)

where Lc represents the supershear transition distance, and Vr(xs), Vss(xs) correspond to the rupture

speed history of the sub-Rayleigh and supershear ruptures, respectively. The first term simply

calculates the time that it takes for the sub-Rayleigh rupture to propagate a distance xs = Lc. A

straight rupture front is assumed and so all points along the advancing rupture front take this much

time to reach the transition distance. Similarly, the second term accounts for the time taken by a
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straight supershear rupture front to propagate a distance xs−Lc where Lc ≤ xs ≤ xmax, with xmax

corresponding to the length of the fault. The third term represents the time taken by an S wave to

propagate along a straight line path from a point (xs, zs) on the fault to the measurement station

positioned at (x1, y1,0). The last term tdelay corresponds to a well- characterized rupture delay time

of 4.45µs that is observed in the experiments and addressed in a later section. Including tdelay in

the calculation of the isochrones was necessary in order to properly synchronize the isochrone plots

with the particle velocity records. Finally, the fault is discretized into a 100 × 1000 point grid and

the value of t(xs, zs), is calculated at each point within the grid. Isochrone plots corresponding to

t(xs, zs) = c such as those shown in Figures 3.32b, 3.33b are then immediately generated.

Figure 3.31b and Figure 3.34 represent isochrone contour maps corresponding to each of the

supershear experiments that were previously discussed. The variable zs corresponds the fault depth

where zs = 0 corresponds to the side of the specimen where the measurement station is located.

A straight rupture front was assumed, which extends throughout the entire depth of fault. The

rupture is nucleated at the left end of the figure and propagates to the right along the direction

corresponding to the xs axis. Note that the xs axis in the diagram assumes negative values in an

effort to remain consistent with the coordinates in the experiments. Positive values for xs were

assumed in the isochrone calculations.

Before examining the supershear case, it is instructive to first consider what an isochrone plot

looks like for the case of a sub-Rayleigh experiment. The isochrones in Figure 3.35 were computed

by considering a sub-Rayleigh rupture, which traverses the entire length of the fault with a rupture

speed Vr = 0.88Cs. A specimen thickness of 9.45 mm was assumed with the particle velocity

measurement station positioned at (−55, 0, 0) mm.

An S-wave emitted from (0, 0, 0) mm will be first S-wave to reach the measurement station at

(−55, 0, 0) mm and is predicted to arrive at t = 47.4 µs. Likewise, an S-wave emitted from the

rupture front at opposite edge of the fault at (0, 0,−9.45) mm is predicted to reach the station at

t = 48.048 µs. The latter time naturally corresponds to the unique isochrone which is the first

to extend across the entire depth of the fault. S wave information reaching (−55, 0, 0) mm from
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this time onward can always be traced back to isochrones, such as those depicted in Figure 3.35,

that extend throughout the entire depth of the specimen fault. The result shows that beyond what

occurs during the first 0.6 µs of the experiment, there is never any distinction made between S-waves

emitted by the rupture tips on either edge of the fault. The information received at (−55, 0, 0) mm

is always a superposition of S waves from point sources spanning the entire depth of the fault that

collectively define the observed signal.

The simple isochrone analysis, although extremely insightful, neglects to account for the inherent

decay of S-wave amplitude with propagation distance, which must also be considered. The amplitude

of the S-waves arriving from points on an isochrone lying closer to the measurement station is

expected to dominate over the amplitude of S-waves arriving from points from the opposite edge of

the fault. Hence, although S-waves emitted across the entire specimen thickness do indeed contribute

at all times, there is an unequal weighting of their contributions at the measurement station, which

naturally favors the contributions from the points in the local vicinity of the rupture. This would

also help to explain why there are never any distinguishing signatures in sub-Rayleigh rupture signals

that can be attributed to the finite thickness of the specimen.

The results of an isochrone analysis applied to the supershear rupture experiments exp 09-036

and exp 09-050 are now examined. Isochrone plots for each case are represented in Figure 3.32b

and Figure 3.33b. A constant sub-Rayleigh rupture speed Vr = 0.88Cs and a supershear rupture

speed Vss = 1.7Cs were used in both calculations. The supershear speed estimate corresponds to an

average rupture speed determined from the high-speed photoelastic image sequence. The supershear

transition distance Lc in each case was also estimated through an analysis of the photoelastic image

sequence and then slightly adjusted within the code in order to more accurately match the observed

supershear arrival times. Specimen thickness values were obtained from digital caliper measurements

rather than simply assuming the nominal thickness. Specific values for specimen thickness and the

supershear transition distance are given as each specific experiment is presented and discussed.

Figure 3.32b depicts the isochrone plot corresponding to exp 09-036. A specimen thickness of

9.28 mm(zmin = −9.28 mm) and a supershear transition distance Lc = 9.5 mm were assumed in
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the analysis. Note the familiar isochrones confined within the region to the left of x = Lc (vertical

dashed line), which correspond to the sub-Rayleigh isochrones discussed in the previous example.

Contours to the right of this line naturally correspond to the supershear isochrones.

The supershear rupture is predicted to reach (−54, 0, 0) mm at t = 33.3 µs. This establishes the

first supershear isochrone, which is represented by a single point positioned at (−54, 0, 0) mm. The

remaining supershear isochrones appear as elliptical contours, which surround the measurement sta-

tion and become progressively larger with increased time. Note in particular the unique supershear

isochrone corresponding to t = 39.2 µs, which first intersects the fault boundary on the opposite side

of the specimen. The result implies that a 5.9 µs time span from 33.3 µs − 39.2 µs in the particle

velocity records must be free of any S-wave radiation emitted from the opposite fault boundary.

Stated differently, there is a 5.9 µs time window following the arrival of the primary supershear

rupture during which an infinite specimen depth may be assumed (P-waves ignored). As previously

noted, and as revealed by the particle velocity plots, t = 39.2 µs also corresponds to the arrival tine

of the secondary signals.

Figure 3.33b depicts the isochrone plot corresponding to the particle velocity data acquired in

exp 09-050. A specimen thickness of 9.4mm (zmin = −9.4 mm) and a supershear transition distance

Lc = 3 mm were assumed in the analysis. The dashed vertical line corresponding to the supershear

transition distance once again delineates between the sub-Rayleigh isochrones to the left and the

supershear isochrones to the right. The unique supershear isochrone corresponding to t = 36.9 µs,

establishes the soonest time that S-wave information from the fault boundary on the opposite side

can reach the measurement station at (−55, 0, 0) mm. In this case the time t = 36.9 µs is within

0.5 µs of the minima set between the two peaks in the FP record (t = 36.4 µs), which correlates

very well with observed arrival time of the secondary signals in Figure 3.33a. Once again there

appears to be an excellent correlation between the arrival of the secondary signals in supershear

velocity records and the first isochrone to intercept with the fault boundary on the opposite side of

the specimen.

In summary, the following four critical input parameters are required to conduct the S wave
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isochrone analysis: (1) measurement station coordinates, (2) rupture speed history, (3) supershear

transition length, and (4) specimen thickness. All of these quantities must be accurately known

in order to achieve the correlation demonstrated here. The simplest rupture history was assumed

corresponding to a constant sub-Rayleigh rupture speed Vr = 0.88Cs for 0 ≤ xs < Lc, followed by

a constant supershear speed Vss = 1.7Cs for Lc ≤ xs ≤ xmax, where xmax is the total length of

the fault. The analysis correctly predicts the arrival time of the supershear rupture front and also

identifies a unique S-wave isochrone, which corresponds to the soonest possible time that S-waves

emitted by the rupture tip on the opposite side of the specimen, will be registered at the measurement

station. The actual measured time difference between the arrival of the primary supershear rupture

and the anomalous secondary signals was δt = 5.92 µs for exp09-036 and δt = 5.45 µs for exp09-

050. Time differences on the order of (5.5−6 µs) are frequently observed in supershear experiments,

particularly those involving on-fault measurements. The isochrone calculations accurately predicted

the secondary signal arrival times for both experiments. The observed correlation between the time

of the first supershear isochrone that extends to the fault boundary and the arrival time of the

secondary signals lends credence to the hypothesis that the disturbance may be correlated to the

supershear rupture tip on the opposite side of the specimen.

3.11 Photoelasticity and high-speed digital photography for

spatially resolved, whole-field imaging

The stress-birefringent property of H-100 enables the application of photoelastic interferometry in

conjunction with high-speed digital photography for full-field imaging in a dynamic rupture experi-

ment. Images of the experimental setup, including a detailed schematic depiction of the photoelastic

optical arrangement, are shown in Figure 3.36.

A vertically polarized output beam from a CW solid state laser is expanded to a nominal beam

diameter ≈ 145 mm, which establishes the field of view in the experiment. The primary laser light

source is a Coherent Verdi (V-10) solid-state, air-cooled laser which emits a 532 nm (green) laser
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Figure 3.36: Upper right and left images: Laboratory earthquake experiment featuring fiber optic
interferometers for continuous particle velocity measurements and photoelastic setup in conjunction
with high-speed cameras for full-field imaging of a dynamic rupture with high spatial resolution. Below:
Detailed schematic diagram of photoelastic interferometer and imaging optics

line. The laser and beam expander arrangement are depicted in Figure 3.37. Additional optical

components seen in the right-hand image constitute a variable attenuator for external control of the

laser power (Newport, 2006). The primary cooling mechanism is the aluminum heat sink upon which

the laser is mounted. Chilled water, maintained at 20◦ C and circulated through the cooling block

acts to further stabilize the laser wavelength. The power of the output beam is continuously adjusted

from the main laser power supply. The laser is capable of generating up to 10 W in continuous wave

mode, although typical power levels used in current laboratory earthquake experiments are generally

less than 1.5W.

Photoelastic fringes are produced through the use of custom fabricated right- and left-handed
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Figure 3.37: Right image: Coherent Verdi (V-10) solid state with variable attenuator optics. Left
image: Keplerian beam expander with spatial filtering arrangement

circular polarizers obtained from American Polarizer, Inc. Square polarizers measuring 152 mm ×

152 mm are mounted in Al black-anodized mounting frames, as seen in Figure 3.36. The optical

components are laminated assemblies of λ/4 (quarter wave) and linear sheet polarizers, which are

sandwiched and bonded between optical windows using an index-matching epoxy. The expanded

laser beam is transmitted through a right- hand circular polarizer (RHCP) which converts the

incident linearly polarized light into a circularly polarized state. The circularly polarized beam is

then transmitted through the H-100 test specimen.

If the test specimen is unstressed, the H-100 test sections remain optically isotropic and the

transmitted beam remains circularly polarized. The transmitted beam is then passed through a

left-hand circular polarizer (LHCP), whereupon the leading quarter wave plate nullifies the circular

polarization state and restores the light field to its original, vertically oriented, linearly polarized

state. The linearly polarized light is then extinguished by the horizontally oriented linear polarizer

(often termed the analyzer) in the LHCP (see Figure 3.36). The resulting image in the case of an

unstressed specimen is a dark field void of any interference fringes and the optical configuration is

commonly referred to as a dark-field arrangement.

When mechanically stressed however, the H-100 test specimen becomes optically anisotropic and

the transmitted light field is no longer circularly polarized. The dark-field image is then transformed
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into a photoelastic interference pattern featuring bright and dark fringes corresponding to isocon-

tours of maximum shear stress within the plane of the test specimen. The resulting interference

problem is best understood by appealing to the general time-averaged intensity representation of

the photoelastic fringe pattern given by

I(x2, x2) = Ib(x1, x2) +
Ia(x1, x2)

2
(1− cos δ(x1, x2)) (3.12)

where Ib represents a background intensity and Ia represents the amplitude (Ramesh, 2008). The

stress-induced relative retardation, δ, also commonly referred as the isochromatic phase, is given by

δ(x1, x2) =
4πhC
λ

∆τmax(x1, x2) (3.13)

where C is the stress optic coefficient (C = 0.231 × 10−10 m2/N for H-100), λ represents the laser

wavelength (λ = 532 nm), h is the specimen thickness (h = 9.5 mm is the nominal H-100 sheet

thickness), and ∆τmax corresponds to the relative change in maximum shear stress. The intensity

variation I = I(x, y) is modulated according to the spatial variation of the isochromatic phase term

δ = δ(x, y) and the resulting photoelastic fringes are often referred to as isochromats. Next, since

the relative retardation δ is expressed in radians, the relative fringe order is therefore defined by

∆N = δ/2π, whereby a fringe corresponds to a fundamental period in the photoelastic fringe pattern

characterized by a bright-to-bright or dark-to-dark intensity transition (or any other intermediate

grey-scale level). The quantity fσ = λ/C appearing in (3.13) is often adopted in the photoelastic

literature. Care must be taken to consider the assumed wavelength when using a tabulated value

of fσ. In the case of Homalite-100, a value fσ = 23.6 kN/m is often reported, based upon a source

wavelength λ = 546 nm (Kobayashi, 1993). Factoring the assumed wavelength into account and

then taking λ = 532 nm, leads to a corrected value fσ = 23.03 kN/m. The so called “stress optic

law” relating the relative change in the maximum shear stress (∆τ) to a corresponding fringe shift
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in the photoelastic pattern is then given by

∆τmax =
fσ
2h

∆N . (3.14)

The “fringe counting relationship” given by Eq. 3.14 thus demonstrates how photoelastic fringes

directly correspond to isocontours of maximum shear stress. Note that the dark-field intensity

expression Eq. 3.12 does not include any reference to the principle angle and that fringe counting

using Eq. 3.14 must be done so with care since the photoelastic fringes correspond to isocontours

of maximum shear stress in magnitude only.

3.11.1 High-speed cameras

The Cordin 220 gated intensified cameras are shown in Figure 3.38. The f = 1000 mm f/6.9 plano-

convex field lens focuses the expanded light beam down into an array of imaging lenses mounted

within the baffled tube assembly, as depicted in Figure 3.36. The beam is focused to the smallest

possible spot size onto the center of the reflective lens cap, which can also be seen at the front of

the tube assembly in Figure 3.38. The camera assembly is then carefully aligned with respect to

the incident beam by adjusting the tilt, rotation, and height of the camera table as outlined in

Section 3.3. The reflective lens cap is removed once the alignment is complete. The beam is then

passed through the first camera lens, at the main entrance of the tube assembly, followed by an

additional lens (not seen) located within the tube, before reaching a 50/50 non-polarizing - 2” cube

beam splitter. The beam splitter divides the imaging path and directs each laser beam to a final

camera lens at the entrance to each camera. The beams are split yet again by a series of pellicle

beam splitters to create eight imaging paths within each camera. Each beam is finally brought to

a sharp focus onto an 18 mm diameter photocathode corresponding to the front element of the

image intensifier. An image intensifier is comprised of a photocathode, microchannel plate (MCP),

and a phosphor screen. The image of the test specimen is initially cast on the photocathode. As

photons strike the cathode, electrons are emitted and attracted to the MCP by an electric field.
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Figure 3.38: Cordin 220 gated-intensified high-speed cameras

The MCP is a thin, disk-shaped, honeycomb structure containing glass channels, which are typically

6 − 10 µm in diameter. A high potential is applied across the MCP, which induces the electrons

to accelerate down the MCP channels. High-energy photoelectrons collide with the MCP walls and

dislodge secondary electrons, which are in turn accelerated by the applied electric field. The process

results in a tremendous multiplication of secondary electrons. The degree of electron multiplication

is set by the “gain” applied across the MCP, which is controlled through the camera software. The

multiplied electrons strike a phosphor screen which produces an amplified image of the original

image that was initially projected onto the photocathode. The light emitted by the phosphor screen

is then coupled to a CCD through a bundle of optical fibers. Image-intensified CCDs exploit this gain

principle to overcome the inherent read noise limit of traditional CCD sensors. Another significant

advantage of image intensifiers is that they can be operated as a very fast optical switch, capturing

an optical signal in billionths of a second. The Cordin 220 features inter-frame times ranging from

10 ns− 10 ms and exposure (integration) times ranging from 10 ns− 1 ms. Inter-frame times used

in the laboratory earthquake experiments are typically in the range of 1−4 µs, with exposure times

of 50 ns.
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Figure 3.39: Sub-Rayleigh (left) and supershear (right) ruptures as revealed by photoelastic fringe
patterns captured through high-speed photography

3.11.2 Measurement of wave speeds and rupture speeds in laboratory

earthquake experiments

Figure 3.39 contrasts high-speed photoelastic image frames of a sub-Rayleigh rupture and a super-

shear rupture, which resulted from two completely different experiments. The image on the left

was obtained from a pure sub-Rayleigh experiment (exp 09-052) while the image on the right re-

sulted from an experiment (exp 09-047) that was designed to undergo a sub-Rayleigh-to-supershear

transition. Both image frames were acquired at t = 25 µs in each respective experiment. Each

experiment featured a specimen fault angle α = −29◦, which naturally promoted a right-lateral

rupture. A bi-lateral rupture resulted in both cases as is typically observed with the traditional

laboratory earthquake specimen design. Particle velocity measurement stations were positioned

at (−55, 10) mm in both experiments and are each highlighted by a small white rectangle in the

photoelastic images.

The sub-Rayleigh experiment (exp 09-052) was conducted under a static compressive load of

P = 12 MPa, which was low enough to prevent the sub-Rayleigh rupture from transitioning to a

supershear rupture. The resulting sub-Rayleigh rupture, along with the expanding P- and S-wave

fronts are identified in the left-hand image. The precise location of the sub-Rayleigh rupture tip is

identified by a small dark caustic zone, which can be best seen when the image is expanded. The
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Figure 3.40: Plots of rupture position, S wave, and P-wave obtained during a sub-Rayleigh experi-
ment.

arc of the P-wave front is far less visible than the S-wave front but is still discernible at this time.

P-wave fronts tend to decay faster than the S-wave fronts and are typically rarely observed beyond

t = 30µs. Note how the near-field region, characterized by a band of eight bright radial lobes, is

also clearly visible in the image.

The supershear experiment (exp 09-047) was conducted under a static compressive load of P =

24 MPa in order to promote a supershear transition. A fairly early transition resulted, as revealed

by the fully developed shear Mach fronts, which are clearly visible in the image on the right. The

trailing sub-Rayleigh rupture can also be seen along with the S- and P-wavefronts. The P-wave is

barely visible in this image frame. Nonetheless a faint hint of the circular arc is all that is required

to track its position (radius) at this particular time.

3.11.3 Analysis of a sub-Rayleigh and a supershear experiment

An image-length scale is established for each experiment (either immediately before or after) using a

simple calibration procedure. A rectangular blade of known dimensions is temporarily affixed to the

surface of the H-100 test specimen and aligned with its long edge parallel to the specimen fault. The

specimen is illuminated by the expanded laser beam and sixteen sharply defined, silhouette images

of the blade are obtained by the two high-speed cameras. The pixel dimensions of the blade image
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are determined by imaging software and a precise pixel-to-length calibration factor is established for

each individual camera frame.

High-speed photoelastic images are analyzed using Adobe Illustrator. Circles drawn over the

S-wave and P-wave fronts are carefully sized and positioned until they overlap the wave fronts

and share a common center. The center of the two concentric circles establishes (0, 0) mm, which

should coincide with the position of the NiCr filament. Distances to the rupture tips, radii of the S-

and P-wave fronts, and the distance to the particle velocity measurement station are all accurately

measured with respect to this point. The procedure is carried out for all the image frames within a

given photoelastic image sequence where the rupture and elastic wave fronts can be identified.

Figure 3.40 summarizes all of the data obtained through a frame-by-frame analysis of the sub-

Rayleigh experiment (exp 09-052) and the supershear experiment (exp 09-047). The plot on the

left-hand side corresponds to the sub-Rayleigh experiment (exp 09-052). The position versus time

of the S-wave, P-wave, and sub-Rayleigh rupture tip correspond to the red, green, and blue curves,

respectively. The dots in each curve correspond to actual data obtained from the photoelastic image

analysis. The curve corresponding to the P-wave front is comprised of seven data points, with the

last point obtained from the t = 29µs image frame. The S-wave front data contains 14 discrete data

points, which nearly span the entire duration of the experiment. The sub-Rayleigh rupture history

is represented by 12 data points. In all three cases the dashed lines represent a best linear fit to the

data. Accurate estimates for the average rupture speed and the elastic waves are determined from

the slope of the best-fit lines.

Application of this measurement procedure to the analysis of 41 independent laboratory earth-

quake experiments has yielded new estimates for the shear (S) and dilatational (P) wave speeds

in H-100. Values for the elastic wave speeds are listed in Table 3.3. The stated value for the

measurement uncertainty corresponds to the standard error computed by the well-known formula:

Sx = σ/
√
N , where σ represents the standard deviation and N corresponds to the number of mea-

surements. The measured values appear slightly higher (by 6.5% in the case of (Cs) and 3.5% in

the case of (Cp) than values that are frequently cited in the literature (Bhat et al., 2010). Note as
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Table 3.3: Measured wave speed values and mean sub-Rayleigh rupture speed in HomaliteTM H-100
obtained from laboratory earthquake experiments

Cs (mm/µs) Cp (mm/µs) Cp/Cs Vr/Cs (Vr < CR) Vr (mm/µs)

1.284 ± 0.002 2.590 ± 0.010 2.017 ± 0.008 0.883 ± 0.003 1.133 ± 0.004

well that measurement of the shear wave speed enables a direct estimate of the shear modulus for

H-100 using µ = ρC2
s assuming the density of H-100 is known. An estimate for the shear modulus

of µ = 1.96 GPa is obtained assuming a value of ρ = 1190 kg/m3 as listed by (Tippur, 2006). Table

3.3 also lists an average value for the sub-Rayleigh rupture speed of Vr = 1.133 ± 0.004 mm/µs,

which was obtained from 31 independent laboratory earthquake experiments. This value translates

to V̄r/Cs = 0.883± 0.003 (assuming Cs = 1.284 mm/µs).

Dilatational (P) and shear (S) elastic wave speed values corresponding to Cp = 2.53 mm/µs and

an S wave speed Cs = 1.28 mm/µs were obtained from the analysis of the sub-Rayleigh experiment

(exp 09-052). The S-wave speed estimate in this case is in agreement with the tabulated value. The

P-wave speed estimate is seen to lie outside of the standard error range but lies well within the one

standard deviation of the expected value (σP = 0.064).

An average rupture speed of V̄r = 1.12 mm/µs was obtained from the sub-Rayleigh curve, which

corresponds to V̄r/Cs = 0.875 (assuming Cs = 1.284 mm/µs). The measured value lies outside of

the standard error estimate but is within one standard deviation (σsR = 0.017) of the tabulated

average value.

All of the plots in Figure 3.40 contain an additional data point (tdelay, 0 mm) corresponding to

their respective time-axis intercept. The curves were extrapolated back to this point in order to

highlight an observed time delay between instrumentation trigger and the very first moment that

elastic waves are emitted from the rupture nucleation site. The noted delay time tsdelay in Figure

3.40 corresponds to the S-wave curve intercept. The P-wave curve traces back to a slightly different

intercept at (3.97 µs, 0 mm) while the sub-Rayleigh rupture curve projects back to (3.75 µs, 0 mm).

The difference between the S- and P-wave curve intercepts is easily attributed to the increased

measurement uncertainty of the P-wave measurements. The time axis intercept for the sub-Rayleigh
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rupture curve is less meaningful since the rupture is never physically located at the origin, but is

instead initiated at critical-crack-length distance located to the left and right of the origin.

The noted time delay between the instrumentation trigger time and the emergence of the very first

elastic waves is consistently observed in every experiment and has been very well characterized. The

precise cause of this delay is not fully understood, but it is more than likely related to the rupture

nucleation process, as opposed to being an artifact of the electronic diagnostics. Measurements

obtained from 49 independent laboratory earthquake experiments have yielded an average S-wave

delay time of 4.449 µs ± 0.047 µs. This factor must always be taken into account when predicting

P- and S-wave arrival times in relation to particle velocity records. The correct estimate for the first

P- and S-waves to reach the measurement station at (x,y) is calculated by

tj =
√
x2 + y2/Cj + tdelay j = 1, 2 . (3.15)

A similar analysis was applied to the photoelastic image sequence corresponding to the supershear

experiment (exp 09-047). The data pertaining to the elastic wave fronts and rupture histories is

summarized by the curves on the right-hand side in Figure 3.40. The sub-Rayleigh rupture history

is represented by 13 data points, which span the entire duration of the experiment. An average

sub-Rayleigh rupture speed V̄r = 1.16 mm/µs, corresponding to V̄r/Cs = 0.903, is obtained from

the slope of the best linear fit (blue dashed line). The position versus time of the supershear rupture

tip was established by 7 data points spanning a 29 µs interval from t = 21 µs to t = 50 µs. A

best linear fit to the data is represented by the violet dashed line passing through these points. An

average supershear rupture speed of V̄ss = 2.27 mm/µs, corresponding to V̄ss/Cs = 1.77, is directly

inferred from the slope of the best-fit line. The intersection of the sub-Rayleigh and supershear

curves (best-fit lines) uniquely determines the point (L, t∗), which represents an estimate for the

location and time of the supershear transition. The supershear transition point (17.8 mm, 18.2 µs)

was added to the supershear curve in order to extend the curve to the point of intersection with the

sub-Rayleigh curve.
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Figure 3.41: Measurement of shear Mach angles for determination of supershear rupture speed

An estimate of the instantaneous supershear rupture speed is obtained by measuring the shear

Mach angle and applying the familiar Mach cone half-angle relation Eq. 1.1, restated as

sin θ = Cs/Vr (3.16)

Figure 3.41 corresponds to a photoelastic image acquired at time t = 41 µs during the supershear

experiment (exp 09-047). The shear Mach front is seen just crossing the measurement station at

(−55, 10) mm on the extensional side of the fault. The trailing sub-Rayleigh rupture is also clearly

visible in the image positioned just behind the S-wave front. Sharp cusps in the fringe pattern,

such as those labeled in the figure, are frequently observed. The cusps mark the location of the

steepest stress gradient and thus provide a natural fiducial for estimating the Mach angle. Lines are

drawn from the supershear tip to each of the sharp cusps as shown in Figure 3.41 to form the angles

θ1 = 33.73◦ and θ2 = 33.94◦. Applying Eq. 3.16 to each of these angles and taking the average of

the two values yields Vss/Cs = 1.80, which is within 2% of the average supershear rupture speed

determined across a 29 µs interval. The measured wave speed values collectively describe a nearly

steady-state rupture.
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3.12 Estimation of sub-Rayleigh-to-supershear transition length

in laboratory earthquake experiments

Original laboratory earthquake experiments conducted by (Xia et al., 2004) provided the first direct

evidence of the sub-Rayleigh-rupture-to-supershear-rupture transition through high-speed photoe-

lastic images. An analysis of the rupture history as revealed by photoelastic images concluded that

the transition length L exhibited a faster decay with increasing uniaxial pressure P , than the ex-

pected L ∝ P−1 dependence predicted by Eq. 3.4 and Eq. 3.2. The observed discrepancy was first

attributed to a pressure dependency of the critical slip weakening distance Dc in the slip-weakening

friction law that was unaccounted for in Andrews’ model. (Xia et al., 2004) combined results from

rock friction experiments obtained by (Ohnaka, 2003) with a simple asperity-contact-based frictional

model to show that Dc ∝ P−1/2. Specifically,

Dc = C

(
τs − τr
τr

)M√
Ha0 cosαP−1/2 (3.17)

where C, M are constants, H is the hardness of the material (defined as the ratio of the total normal

force to the actual contact area), and a0 represents the mean radius of contact asperities (Xia et al.,

2004). Assuming plane stress loading conditions for the laboratory earthquake specimen then leads

to a modified expression for the critical crack half-length given by

Lc =
µ(1 + ν)(τp − τr)Dc

π(σ0
yx − τr)2

. (3.18)

We can substitute the pressure dependent relation for Eq. 3.17 into Eq. 3.18, while observing that

the supershear transition length L should scale with Lc and invoking Eqs. 3.5 and 3.6, to obtain a
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modified transition length relation given by

L = F (s)
[
µ(1 + ν)C

√
Ha0 cosα

π(sinα− fd cosα)2

]
×

(
fs − fd
fM−1
d

)M+1

P−3/2 . (3.19)

A detailed derivation of the revised transition-length expression Eq. 3.19 is given in (Rosakis et al.,

2007), where an analytical approximation of the function F (s) of the seismic S-ratio is provided. The

modified expression given by Eq. 3.19 was found to be in good agreement with measured supershear

transition lengths by using a0 as a fitting parameter (Xia et al., 2004).

(?) later followed with numerical calculations, which examined the effect of the dynamic rupture

initiation procedure and fault friction on supershear transition using a plane-stress model with an

interface governed by linear slip weakening friction. A rupture initiation procedure that mimicked

the dynamic nature of the discharging NiCr wire filament was achieved by reducing the normal

stress over a part of the interface for a given time. Results demonstrated that dynamic rupture

initiation procedure can, at times, significantly shorten the supershear transition length observed

in experiments, compared to those predicted through the quasi-static rupture initiation process.

Moreover, it was further determined that in some cases, the dynamic initiation procedure changes

the very mode of transition, causing a direct supershear transition at the tip of the main rupture

instead of the Burridge-Andrews, mother-daughter mechanism. Last, but not least, it is also possible,

and even likely, based on the study conducted by (Lu et al., 2007), that the interface friction is better

described by a rate and state-dependent law with significant rate-dependence at high slip rates rather

than the linear slip-weakening law used in this work. The effect of such a law on transition length

should be explored in future studies.

3.12.1 On the use of H-100 in laboratory earthquake experiments

It is instructive to note how the critical crack half-length relation Eq. 3.18 reinforces the use

of Homalite-100 (or other brittle, mildly rate-sensitive polymeric materials) as a model material
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of choice in the laboratory earthquake experiment, as opposed to using test specimens fashioned

from crustal rock material. The critical crack half-length relation given by Eq. 3.18, and thus the

supershear transition length, are seen to scale in direct proportion to the shear modulus of the

surrounding medium. H-100 has a shear modulus of µ = 1.96 GPa (Section 3.11.3), which is at

least 30× less than the shear modulus value of crustal rock. Experiments have demonstrated that

typical H-100 supershear transition lengths generally range from 10 mm− 100 mm depending upon

test conditions and the nature of the investigation. Thus, assuming a similar critical slip weakening

distance (Dc) between H-100 and crustal rock, a sub-Rayleigh rupture nucleated in a rock specimen

would require a supershear transition length at least 30x greater (0.3 m < L < 3 m) than required

with H-100 test specimens. Hence, the use of rock specimens in the current loading arrangement

requires considerably larger (and far more massive) test specimens compared to the current H-100

test specimen dimensions. Investigating dynamic ruptures in real rock samples will likely require a

modified specimen design and loading arrangement.

3.13 Control of rupture speed regime in laboratory earth-

quake experiments

An alternative form for the seismic S-ratio, strictly applicable to the laboratory earthquake loading

configuration, is given by

S =
fs − tanα
tanα− fd

. (3.20)

As previously noted (Andrews, 1976), a seismic S-ratio S < 1.77 assures that a sub-Rayleigh rupture

will transition into a supershear rupture. Assuming that this condition is satisfied in a laboratory

earthquake experiment, the supershear transition length may then be controlled by varying the

specimen fault angle α and the applied static compressive stress P , in accordance with Eq. 3.19.

This assumes fixed values for the static and dynamic frictional coefficients fs, fd, elastic constants

µ, ν and contact asperity parameters C,M,H, a0. The value of the specimen fault angle in a typical

laboratory earthquake experiment ranges between 20◦ < α < 30◦. Specimen fault angles less
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Figure 3.42: Sequence of photoelastic images revealing sub-Rayleigh-to-supershear transition

than 20◦ require too much static pressure, which may induce buckling of the H-100 plate assembly,

whereas specimen faults oriented at angles greater than 30◦ are prone to slip under the applied static

load. Taking fs = 0.6 and fd = 0.2 as representative values for the static and dynamic frictional

coefficients leads to a practical bound on the seismic S-ratio given by 0.06 < S < 1.44. The sub-

Rayleigh-to-supershear transition criterion S < 1.77 is evidently satisfied over the entire range of

specimen fault angles, thus implying that a sub-Rayleigh rupture will invariably transition into a

supershear rupture. Whether or not a supershear transition will occur as S → 1.44 is dictated by

the physical dimensions of the test specimen and the available propagation distance L∗, measured

from the nucleation site to the edge of the specimen fault.

Laboratory earthquake rupture propagation scenarios are therefore controlled by either fixing

the fault angle α and varying the static pressure P or vice versa so as to modulate L in relation to

L∗. The condition L > L∗ and Eq. 3.19 thus assure that a nucleated rupture will remain within

the sub-Rayleigh rupture speed regime for the duration of the experiment, whereas L < L∗ assures
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that a sub-Rayleigh to supershear transition will occur between the rupture nucleation site and the

edge of the frictional fault. The ability to adjust the supershear transition length in the laboratory

earthquake experiment thus provides a versatile test platform for investigating various earthquake

scenarios and frictional faulting processes involving both types of dynamic ruptures.

3.13.1 High-speed photoelastic image sequence of sub-Rayleigh-to-supershear

rupture transition

The image sequence in Figure 3.42 demonstrates a sub-Rayleigh-to-supershear-transition, as cap-

tured through a sequence of high-speed photoelastic images. The experiment was conducted under

a static compressive load of P = 12 MPa with a specimen fault angle of α = −29◦, which naturally

promoted a right-lateral rupture. Rich detail contained within the image frames is best seen at

increased viewing magnification.

The P-wave front is clearly visible in frame 1(t = 25 µs) and is seen approaching the measure-

ment stations positioned at (−55, 0) mm and (−55, 16) mm. The advancing sub-Rayleigh rupture

corresponds to the fringe concentration situated just behind the S-wave front, as indicated in the

figure. The annulus within the photoelastic fringe pattern, which is bounded on the interior by the

S-wave front, corresponds to the near-field region, which is frequently observed during the earliest

image frames. The dark fringe loops confined within this region correspond to the radial P- and

S-lobes arising from the mode II (double couple) rupture nucleation process. The noted “fringe

loop” corresponds the leading S-lobe while the adjacent dark looping fringes oriented at ≈ ±45◦

with respect to the fault are the P-lobes. The near-field S- and P-lobes, and the annulus of the

near-field, fade very rapidly and completely disappear by t = 37 µs.

The onset of a sub-Rayleigh-to-supershear transition is captured in frame 2 (t = 33 µs). A

magnified view of the image reveals that the dark fringe loop coinciding with the S-lobe has been

split with the emerging daughter crack corresponding to the white gap, between the two dark fringes.

The supershear transition distance (L) appears to coincide with a point on the S-wave front, located

just a few millimeters ahead of the sub-Rayleigh rupture tip. Note how the observed shift of the
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lower fringe segment to the left is consistent with the right-lateral rupture.

The first hint of the emerging shear Mach fronts appears in frame 3 (t = 37 µs) in the form

of the shallow wedge- shaped fringe with its tip extending out beyond the S-wave front. The

dark arching fringe reveals a dilatational field concentration surrounding the tip of the emerging

supershear rupture.

A fully transitioned supershear rupture is visible in frame 4 (t = 41 µs). Well-defined shear

Mach fronts are seen stemming from a supershear rupture tip, which has just reached the on-fault

measurement station at (−55, 0) mm. The original sub-Rayleigh rupture is still clearly defined and

seen trailing within the wake of the leading supershear rupture.

Straight and sharply defined shear Mach fronts are seen in frame 5 (t = 50 µs). The supershear

rupture is clearly outrunning the trailing sub-Rayleigh rupture, as revealed by the increased distance

between the two rupture tips. The sub-Rayleigh rupture is also still several millimeters away from the

on-fault measurement station at this time. The measured Mach angle value of θ = 36◦ corresponds

to Vr/Cs = 1.70 (Vss = 2.18 mm/µs), which is only 3 % greater than the average supershear rupture

speed obtained through a frame-by-frame analysis from t = 37 µs → t = 55µs. Finally, note how

the shear Mach front has still not reached the off-fault station located at (−55, 16) mm. Particle

velocity records confirm that the Mach front swept the station at 52.9 µs

The final image frame (t = 60 µs) captures the last moment before the supershear rupture

tip reached the extreme edge of the fault. The subtle concave profile of the shear Mach fronts

reveals that the supershear rupture has continued to accelerate. The sub-Rayleigh rupture and its

surrounding stress field is seen to have crossed both measurement stations by this time.

3.14 Fiber-optic heterodyne interferometers for continuous

particle velocity measurements

Polytec fiber-optic laser interferometers were first applied by (Lykotrafitis et al., 2006a) in dynamic

shear impact studies, and later by (Lu et al., 2007) to the investigation of pulse-like and crack-like
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ruptures in laboratory earthquake investigations. Heterodyne interferometers enable continuous,

high-bandwidth particle velocity measurement at fixed locations on the surface of a test specimen as

a rupture propagates along the specimen fault. Particle velocity records obtained in this manner are

entirely analogous to ground motion measurements recorded by seismograph stations on the surface

of the Earth in the immediate neighborhood of an active fault.

OFV-5000
modular 
controllers
with VD-02/ 
VD-09 signal 
decoders

FP (u̇x)

variable
focus
knob

side exit 
head

OFV-551

OFV-511

FN ( ˙y)u

uV ( ˙ z)

Figure 3.43: Laboratory earthquake setup utilizing three fiber-optic probes focused at a common
location for simultaneous measurement of fault-parallel, fault-normal, and vertical particle velocity
components

Figure 3.43 shows a laboratory earthquake setup, which utilized three Polytec fiber-optic hetero-

dyne laser interferometers for simultaneous measurement of fault-parallel (FP), fault-normal (FN),

and vertical (V) particle velocity components at an on-fault measurement station. The 3-component

configuration shown here was used in experiments designed to simulate the 2002 Denali Mw7.9 earth-

quake, which is discussed in Chapter 5. The red lines highlight the helium neon laser beam path

from each fiber-optic probe (Polytec OFV-130-5 “spot sensor head”) to the point on the specimen
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surface where the light is focused. The probes feature a variable working distance, which is precisely

adjusted by a knurled focusing knob such as the one labeled in the image. Detailed specifications

for the spot size of the focused beam as a function of working distance are provided by Polytec. In

the case of the experiment depicted in Figure 3.43, the largest spot size corresponding to the most

distant probe (vertical component) is estimated to be in the range of 150 µm− 200 µm.

The fault-parallel (FP) and fault-normal (FN) beams are focused at nearly grazing incidence onto

the edges at the lower-right-hand-corner edge of the retro-reflective tape strip. The FP probe on the

right is clamped within an X-Y “tip/tilt” positioning stage (Polytec OFV-033-TP), as shown. The

FN probe is attached to a stainless steel “side exit probe” (OFV-C-102), which contains a tiny mirror

inclined at 45◦ to at the end of the stainless steel shaft. The mirror redirects the focusing beam

to approach the corner of the tape strip from below. The vertical (V) probe beam is also mounted

within a side exit probe, which directs the beam at nearly normal incidence onto the specimen

surface. Scattered light, directed back along the incident light path, is collected by each fiber optic

probe and directed back to the heterodyne interferometers (OFV-511 and OFV-551) where the laser

light is optically interfered.

Figure 3.44 provides a schematic representation of the Polytec interferometer configuration. A

fiber-optic probe focuses a HeNe laser beam to a point on the test specimen surface and collects

scattered light which is directed back to the probe. The collected light is transmitted by optical

fiber to the OFV-511 (or OFV-551) interferometers where it is interfered with a reference beam

derived from the same HeNe laser. The two light beams are optically interfered in a Mach-Zehnder

arrangement as shown to produce a modulating light signal, which a photodetector converts into a

time-varying electrical signal.

3.14.1 Principle of heterodyne interferometry

Optical heterodyning is achieved through a frequency shift of the reference beam. In the case of the

Polytec OFV-511, a Bragg cell (acousto-optic modulator) is used to modulate the reference beam at

a constant reference frequency fb = 40 MHz. The optical heterodyning technique and the manner
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Figure 3.44: Fiber-optic heterodyne laser interferometer configuration

in which particle velocity is extracted from the heterodyned signal is best understood by considering

the two-beam time-averaged interference expression given by

I(t) = Ib + Imcos
[
2π
(
fbt−

2ui(t)
λ

cosα
)

+ (φr − φs)
]

(3.21)

where Ib is a constant background intensity, Im represents the amplitude of the modulating signal, λ

represents the HeNe laser wavelength (λ = 632.8 nm), ui(t) corresponds to the surface displacement

component of interest where i = x, y, z, φr − φs is the difference between two (constant) arbitrary

phase terms carried by the reference and specimen beams, and α represents the angle between the

optic axis as defined by the focused laser beam and a unit vector parallel to the particle motion

component of interest. The cosα factor can theoretically be used to correct for the effect of non-

normal incidence. However, in most instances it is possible to accurately align the fiber optic probes

within 5− 10 ◦ of normal incidence, in which case cosα→ 1.
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The intensity expression can then be recast as follows

I(t) = Ib + Imcos
[
2π
(
fbt−

2ui(t)
λ∆t

cosα∆t
)

+ (φr − φs)
]

(3.22)

where ∆t represents a discrete time interval over which surface displacement data is acquired. The

accumulated phase change ∆Φ in the interference signal occurring between time t and time t + ∆t

is then given by

Φ(t+ ∆t)− Φ(t) = 2π
[
fb −

2
λ

(ui(t+ ∆t)− ui(t)
∆t

)
cosα

]
∆t . (3.23)

Taking the limit as ∆t→ 0 yields

ωs = lim
∆t→0

∆Φ(t+ ∆t)− Φ(t)
∆t

= 2π
(
fb −

2u̇i(t)
λ

cosα
)

(3.24)

where ωs represents the instantaneous angular frequency of the interference signal and u̇i corresponds

to the particle velocity. The resulting signal frequency fs is therefore given by

fs = fb + fd (3.25)

where

fd = −2u̇i(t)
λ

cosα (3.26)

represents the Doppler frequency shift induced by the particle velocity component. As the specimen

surface displaces, the resulting signal frequency fs is either perturbed above or below the reference
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frequency fb, depending upon the sign of u̇i. Frequency demodulation of the heterodyne interferom-

eter signal frequency leads to a direct and unambiguous measure of particle velocity when processing

the resulting waveforms. Particle motion directed away from the interferometer (u̇i > 0) results in

a decreased signal frequency below the reference frequency (fs < fb). Conversely, particle motion

directed toward the interferometer (u̇i < 0) results in an increased signal frequency, i.e., fs > fb.

Each output signal from the photodetector in the OFV-511 and OFV-551 interferometer as-

semblies is sent to an OFV-5000 modular controller where the frequency content of the signals is

analyzed in real time and converted into particle velocity signals. The two original OFV-500 modular

controllers feature 1.5 MHz bandwidth VD-02 velocity output decoders capable of tracking particle

velocities up to 10 m/s with a resolution limit of 0.15 µm/s. The newest Polytec system obtained

in 2010 features a newer VD-09 decoder with a 2.5 MHz bandwidth and theoretical resolution of

0.02 µm/s. Continuous particle velocity records in the form of an analog voltage signal, are output

by the controllers and typically sampled at 2.5 Gs/s (0.4 ns/data point) by a Tektronix DPO3034,

300 MHz digital oscilloscope. The acquired signals are then converted to particle velocity records

through a calibrated scaling factor (1 V = 1 m/s). Note that the 1.5 MHz and 2.5 MHz band-

width specifications for the VD-02 and VD-09 deciders apply to the analog bandwidth of the final

processed particle velocity record as captured by the oscilloscope. A bandwidth limit of 1.5 MHz

translates into a minimum resolvable velocity signal rise time of τ = 0.233 µs, while a bandwidth

limit of 2.5 MHz translates into a minimum resolvable velocity signal rise time of τ = 0.140 µs using

trise = 0.35/BW ). The VD-02 and VD-09 signal decoders are clearly very well suited for capturing

particle velocity records generated in laboratory earthquake experiments.

Finally, a repeatable time delay has been observed between signals produced by the newer gen-

eration controller and VD-09 output decoder and the older VD-02-based controllers. All signals

produced by the VD-09 output decoder are observed to arrive 5.23 µs later. Polytec has also con-

firmed this value. The noted time delay is certainly significant in laboratory earthquake experiments

and must be accounted for in the analysis and plots of particle velocity signals derived from the newer

Polytec interferometer system.
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Figure 3.45: Fiber-optic probe configurations adopted in laboratory earthquake experiments

3.14.2 Particle velocity measurement configurations adopted in labora-

tory earthquake experiments

Three other particle velocity measurement schemes commonly adopted in laboratory earthquake

investigations are depicted in Figure 3.45. The light green circle in each figure represents the

expanded laser beam, used for photoelastic imaging, which is simultaneously transmitted through

the H-100 test specimen in order to obtain synchronized whole-field images of the event. Figure

3.45a depicts a paired fault-normal particle velocity measurement scheme. The fiber-optic probes

are oriented such that one probe beam is focused at an on-fault station while the other probe beam

is focused at an off-fault station as shown. This arrangement was used for investigating the decay

of u̇y(t) as a function of FN distance in sub-Rayleigh experiments. Figure 3.45b depicts a paired

fault-parallel particle velocity measurement scheme. The fiber-optic probes are oriented such that

one probe beam is focused at an on-fault station while the other probe beam is focused at an off-

fault station, as shown. The (FP1, FP2) scheme has been applied in supershear ground motion

studies to investigate attenuation of supershear ground motion and the partitioning of u̇x(t) as a

function of rupture speed. The third configuration depicted in Figure 3.45c, which is a two-beam

variant of the configuration in Figure 3.43 (also seen earlier in Figure 3.2), enables the simultaneous

measurement of the fault- normal and fault-parallel particle velocity components at a single location.

This arrangement was used to investigate the ratio of the FP to the FN component, and vice versa,
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Figure 3.46: Particle velocity measurement configurations adopted in laboratory earthquake experi-
ments

in both sub-Rayleigh and supershear experiments. Numerous other combinations of paired particle

velocity measurements may also be configured depending upon the design and objectives of a given

experiment.

Figure 3.46 depicts two velocity measurement station configurations, which may be adopted when

working with either of the paired velocity measurement configurations depicted in Figure 3.45a and

Figure 3.45b. Each configuration provides a unique approach for investigating the attenuation of

supershear ground motion as a function of the FN distance (y2). The station configuration depicted

in Figure 3.46a corresponds to the most commonly used configuration whereby the measurement

station locations are aligned along a line drawn normal to the fault. The second configuration in

Figure 3.46b depicts a pair of measurement stations oriented along a line drawn normal to the shear

Mach front. The spirit of the latter configuration centers around the notion that the velocity jump

induced by the shear Mach front at the off-fault station was propagated to that point by the shear

wavelets emitted from the supershear rupture tip as it swept the on-fault station.

3.14.3 Non-dimensional analysis of particle velocity fields

It is experimentally observed that the magnitude of particle velocities obtained in typical laboratory

earthquake experiments is comparable to the magnitudes obtained from near-field natural earthquake
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velocity records. A simple non-dimensional argument is presented to explain this observation.

Based on the steady-state slip-pulse models of (Rice et al., 2005) and (Dunham and Archuleta,

2005), the proper non-dimensionalized representation of the velocity field in a medium hosting such

a slip pulse is given by

µu̇

(τp − τr)Cs
≡ Cu̇ = F (Vr/Cs, R/L) (3.27)

where µ is the shear modulus, τp − τr is the strength drop, u̇ is the particle velocity, R/L is the

ratio of the size of the process zone to slip-pulse length and Vr/Cs is the rupture velocity scaled

by the shear wave speed. This universal feature applies to all elastodynamic steady-state models,

independent of frictional or cohesive law used (Samudrala et al., 2002a).

A typical value for the shear modulus of crustal rock is µrock = 30 GPa, while the corresponding

value for H-100 is µH−100 = 1.96 GPa. At mid-seismogenic depths (around 7km) σ is estimated

to be on the order of 100 MPa. If a Coulomb-like friction relation is assumed (τ = fσ, where f is

the friction coefficient and σ is the normal stress), then assuming fp = 0.6 and fr = 0.2, a strength

drop on the order of 40 MPa is obtained for rock material. This then yields the value C for rock

to be about 0.25. A typical observed strength drop in laboratory earthquake experiments is about

7 MPa (assuming σ = 20 MPa), giving a value of C close to 0.22, assuming R/L is similar for

rupture in H-100 and crustal rock. It stands to reason therefore, that the particle velocity records

obtained in laboratory earthquake experiments should be comparable to the magnitude of ground

motion velocities measured in natural earthquakes.
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Chapter 4

Laboratory earthquake
investigations of near-source
ground motion produced by
sub-Rayleigh and supershear fault
ruptures

4.1 Introduction

Steady-state rupture models predict that in the stable intersonic (supershear) regime (
√

2Cs < Vr <

Cp), the ground motion carried by shear Mach front is dominated by the fault-parallel component,

whereas in the unstable intersonic rupture speed regime (Cs < Vr <
√

2Cp) the opposite holds

true (Dunham and Archuleta, 2004; Aagaard and Heaton, 2004). In the sub-Rayleigh rupture speed

regime (Vr < CR), where CR represents the Rayleigh wave speed, the fault-normal component of

particle velocity is predicted to dominate over the fault-parallel component (Aagaard and Heaton,

2004).

The sense of particle motion along a shear Mach front was reasoned from rudimentary principles

in Chapter 1 by considering the source spectrum of a simple shear dislocation. Sub-Rayleigh and

supershear particle velocity signatures were then more-rigorously analyzed in Section 2.2 by plotting

the particle velocity fields for the well-known 2D plane strain elastodynamic solution for a propagat-

ing shear (mode II) crack in a linear elastic half-space (Freund, 1979, 1990). Steady-state cohesive
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zone models were then examined, culminating with the general 2D steady-state solution obtained

by (Dunham and Archuleta, 2004) for a supershear rupture pulse of finite length L, propagating at a

rupture speed Vr along a frictional fault with a prescribed shear traction τ(x) (Section 2.3.1). New

theoretical findings on radiation partitioning within the supershear slip zone were gleaned from this

general treatment and presented at the conclusion of Section 2.3.1. Ground motion signatures as

presented by (Dunham and Archuleta, 2004) along with new theoretical insights which have stemmed

from this work form the basis of the experimental investigations presented in this chapter.

The discussion on ground motion in Section 2.4 concluded by noting the limitations of the 2D

steady-state models, most notably the inability of these models to predict the supershear transition

and the subsequent emergence of a secondary sub-Rayleigh rupture, which trails in the wake of

the leading rupture (Section 2.4). Problems of this type are better addressed by a more-general

class of self-similar analytical solutions for supershear ruptures (for, e.g., Burridge, 1973; Broberg,

1994), which incorporate unsteady cohesive zone models. Experimental investigations presented in

this chapter confirm the presence of the trailing Rayleigh rupture and examine the ground motion

induced by this rupture following the passage of the leading supershear rupture.

Theoretical and numerical investigations of supershear ruptures in 2D (Dunham and Archuleta,

2004; Bhat et al., 2007) and in 3D (Dunham and Bhat, 2008) also predict that ground motion due to

the passage of the shear Mach front is virtually unattenuated at large distances from the fault. In the

2D steady-state supershear rupture model, the shear Mach front carries ground motion unattenuated,

out to infinity. In the 3D case, the Mach cone eventually succumbs to geometric dispersion whereas

the field strength is predicted to decay as the inverse square-root of the fault-normal distance (Ben-

Menahem and Singh, 1987). (Bhat et al., 2007) reasoned that the fields carried by the shear Mach

front should at least be sustained out to distances comparable to the depth of the seismogenic zone.

(Dunham and Bhat, 2008) followed with a numerical 3D model, which demonstrated the effects of

geometric dispersion while also confirming the earlier estimation by (Bhat et al., 2007). Theoretical

estimates of supershear ground motion attenuation are also supported by field observations such

as anomalous ground cracking observed several kilometers from the main fault following the 2001
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Figure 4.1: Laboratory earthquake experimental configuration used for the simultaneous measure-
ment of fault-normal and fault-parallel particle velocity components at (−55, 10) mm

Kokoxili (Kunlun) Mw7.8 event in Tibet (Bhat et al., 2007) and aftershocks clustered in a region

away from the fault at distances comparable to the depth of the seismogenic zone following the

1999 moment magnitude Mw7.6 Izmit earthquake (Bouchon and Karabulut, 2008). Laboratory

earthquake investigations presented in this chapter address the issue of ground motion attenuation

in supershear earthquakes. Supershear and sub-Rayleigh ground motion measurements obtained at

various distances from the fault are examined, contrasted, and compared to theoretical predictions.

4.2 Identification of sub-Rayleigh and supershear ground mo-

tion signatures through a frame-by-frame comparison of

two laboratory earthquake experiments

4.2.1 Design of experiment

A series of laboratory earthquake experiments were conducted in order to identify and contrast

the defining ground motion signatures of sub-Rayleigh and supershear fault ruptures. The exper-
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iments were facilitated by fiber-optic heterodyne laser interferometers, which provide continuous,

high-bandwidth particle velocity (“ground motion”) records at fixed locations on the surface of the

test specimen (Section 3.14). Spatially resolved, full field images of the advancing rupture tip and

the surrounding maximum shear stress field were simultaneously obtained through the use of pho-

toelasticity and high-speed photography (Section 3.11). The experiments presented in this section

contrast the results obtained from two independent laboratory earthquake experiments, one of which

yielded a sub-Rayleigh rupture and the other, which resulted in a supershear rupture. In the case

of the sub-Rayleigh rupture experiment (exp 09-052), a static compressive load of P = 12 MPa

ensured that the propagating rupture remained within the sub-Rayleigh rupture regime as it swept

the particle velocity measurement station located at (−55, 10) mm. In the case of the supershear

experiment (exp 09-047), the static-compressive load was doubled to P = 24 MPa in order to pro-

duce a stable supershear rupture that swept a particle velocity measurement station, also located at

(−55, 10) mm.

The laboratory earthquake setup used in this series of ground motion investigations is depicted

in Figure 4.1. Experiments were conducted on 6” × 6” × 3/8” H-100 specimen assemblies, which

featured a uniform frictional interface and a specimen fault angle of α = −29◦ that was naturally

conducive to right-lateral, crack-like ruptures (Lu, 2009). The fiber-optic interferometer probes are

arranged in the (FN,FP) configuration for the simultaneous measurement of u̇x(t) and u̇y(t) at a

fixed point on the surface of the specimen. The red lines highlight the optical path of the FP and

FN probe beams, which were directed at nearly grazing incidence to the surface of the test specimen

and focused onto the upper-left corner of the retro-reflective tape. The short distance between the

probes and the measurement station ensured that the focused spot size was< 100 µm for both beams.

Scattered light directed along each respective direction was collected by the fiber-optic probes and

directed to the Polytec model OFV-511 heterodyne interferometers, which are seen in the left side of

the image Section 3.14. The scattered green light on the left Aluminum side support was produced

by the expanded laser beam used for photoelastic high-speed imaging (Section 3.11). The incident

laser beam was intentionally offset to transmit through the left side of the test specimen (viewed in
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Figure 4.2: Displacement-time plots corresponding to the sub-Rayleigh and supershear experiments.
Dots represent data points obtained from photoelastic image analysis and dashed lines represent a
best-fit line passed through the points.

the right-lateral configuration) in order to ensure that the advancing rupture was captured in the

final image frames as it swept beyond the measurement station.

A static compressive stress P was applied to the specimen assembly with the aid of the manually

operated hydraulic press (Carver R© model 3925) (Figure 3.7). The test specimen was placed within

the mounting frame and initially constrained on all four sides, as depicted in Figure 4.1, as it was

loaded to an initial static-compressive load of Pi = 3 MPa. The constraint along the left side of

the test specimen was then released by loosening the screws in the left pillar of the mounting frame

and then disengaging the Aluminum bar from the test specimen. Close attention was paid to detect

whether the plates slipped during this step. If any slip was detected, the specimen was removed from

the mounting frame and the fault surfaces were either cleaned or reconditioned before attempting to

reload the specimen assembly. If the plates held together then the right-side-constraint was released

in a similar way. Upon removing the side constraints, the specimen assembly was then slowly loaded

up to the desired static compressive stress. The experiments were then conducted using the rupture

nucleation scheme as described in Section 3.3.
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4.2.2 Results, analysis, and interpretation of particle velocity records and

photoelastic images

Figure 4.2 contains distance-time plots corresponding to each of the experiments. The data points

upon which these curves are based were obtained through a frame-by-frame analysis of each pho-

toelastic image sequence. The colored dots represent the actual data points obtained from the

photoelastic images while the dashed lines represent a best linear fit to the data. The linear equa-

tion describing the best-fit line is displayed beside each respective curve. The excellent linear fit in

each case reveals how steady the rupture speeds remained throughout the duration of the experi-

ment. The slope of each curve naturally provides an estimate of the average speed in each case. Note

that the same curves are also presented in Section 3.11.2 where they were included as an example

to describe the data analysis methods used for the determination of elastic wave speeds and rup-

ture speeds. The curves are re-presented here with one additional curve added in the sub-Rayleigh

distance-time plots corresponding to a near-field disturbance, which was observed and characterized

in the experiments.

Figure 4.3 displays the same identical plots with some of the best-fit lines extrapolated to their

respective time axis intercepts. Note how the S-wave, P-wave, and sub-Rayleigh rupture curves
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extrapolate back to a set of closely spaced points on the time axis. The S-wave time axis intercept

(tsdelay), which is displayed in each of the plots represents an estimate for the delay time between the

instrumentation trigger and the emergence of the very first stress waves resulting from the ablation

of the NiCr wire. The S-wave curve intercept is considered to provide a more-reliable estimate of

the nucleation delay time since it is based upon a larger number of data points and also because

the S-wave front generally appears sharper than the P-wave front in the images and is thus easier

to identify.

Estimates for the arrival time of each rupture tip at the measurement station are also deter-

mined from the best-fit lines as indicated in the figure. Strictly speaking, the arrival time estimates

correspond to the time taken by the rupture tips to reach the point (−55, 0) mm. Note that the

distance is also taken to be positive in the plots for the sake of convenience even though the station

was actually located at (−55, 10) mm. The supershear transition distance and time, labeled (t∗, L)

in the right-hand plot (exp 09-047), was estimated from the intersection of the best-fit lines for the

supershear and S-wave plots. Additional details regarding the image analysis and the measurement

procedures used to produce each of these curves is contained in Section 3.11.2.

A frame-by-frame discussion and interpretation of the sub-Rayleigh and supershear experiments

is now presented. Photoelastic images obtained from the two experiments are contrasted side-by-

side, as depicted in Figure 4.4. The red and green arrows, superimposed on each image frame depict

the orientation of the FP and FN probe beams used in these experiments. Note that the probe beam

orientation in Figure 4.4 differs from the configuration depicted in Figure 4.1, whereby the FP and

FN beams are now focused onto the lower-left corner of the retroreflective strip with the FN beam

approaching the measurement station from below. Each photoelastic image frame is accompanied

by synchronized particle velocity records, which are plotted out to 4 µs beyond the posted image

frame time. The color coding of the arrows representing the probe beams are matched to the color

of the corresponding particle velocity traces depicted below the image frames. A black triangle on

the time axis of each particle velocity plot marks the time at which the corresponding image frame

was acquired relative to the instrumentation trigger.
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Figure 4.4: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 4 µs

The high-speed photoelastic image frames depicted in Figure 4.4 were acquired at t = 4 µs relative

to the instrumentation trigger provided by the discharge circuit. A faint flash of light arising from

the ablation of the NiCr wire filament is visible within both image frames at this time. The absence

of any dynamic radiation pattern is consistent with the observed nucleation delay times (tsdelay).

The actual time in the case of the sub-Rayleigh experiment is t = −0.26 µs, when corrected for the

measured S-wave time delay of tsdelay = 4.26 µs. The corrected time in the case of the supershear

experiment image frame corresponds to t = −0.14 µs based upon the measured S-wave time delay

of t = 4.14 µs in that experiment. The initial faint flash of light obviously precedes the mechanical

rupture nucleation process.

The photoelastic fringe patterns provide a full-field view of the initial static (maximum shear)

stress field in each experiment. The circular field of view appears truncated on the left side within
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Figure 4.5: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 8 µs

each image frame due to the fact that the expanded laser beam was intentionally offset to favor that

side of the specimen. The primary region of interest, located between the rupture nucleation site at

(0, 0) mm and the measurement station at (−55, 10) mm, is well-centered within each FOV. Both

images display a fairly symmetric and well-centered fringe pattern bearing a somewhat “square-

like” profile, which results from the frictional constraint imposed by the top and bottom edges of the

specimen mounting frame. The symmetry exhibited by the fringe patterns in each case is indicative

of a properly seated specimen and a uniformly distributed static-compressive load across the region

of interest. Note as well how the fringe pattern in the supershear experiment image frame exhibits

very nearly 2× the number of photoelastic fringes (counted along the vertical axis from the center

to top edge in each image), as it should in response to twice the applied load. Both image frames

also reveal 3 faint fringe lobes, highlighted by the red arrows in Figure 4.4, which represent the
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local (maximum shear) stress field concentration surrounding the statically loaded cylindrical wire

channel. These fringes are unrelated to the rupture nucleation process and are routinely observed

during set up whenever the specimen is under an applied static-compressive load.

The dashed blue vertical lines labeled tp and ts in the particle velocity plots mark the anticipated

arrival times of the P-wave and S-wave fronts at the measurement station. The elastic wave arrival

times at the measurement station are estimated according to tj =
√

(−55)2 + (10)2/Cj + tsdelay,

where j = s,p designate the P- and S- elastic wave fronts. Note that one can either choose to use the

wave speed estimates from the slope of the best-fit lines or from the nominal statistically averaged

values (Section 3.11.2). The same applies for the nucleation delay time tsdelay. The difference is

expected to be very small but may be significant in some rare occasions depending upon the details

of the experiment and the degree of precision required. The statistically averaged wave speed

estimates Cp = 2.59 − mm/µs and Cs = 1.284 mm/µs were used to set the estimated arrival

times displayed in the figures. In the case of the sub-Rayleigh experiment, estimated arrival times

of tp = 25.8 µs and ts = 47.9 µs are obtained for the P- and S-wave fronts, respectively. Likewise,

the values tp = 25.7 µs and ts = 47.8 µs, are determined for the estimated arrival times of the P-

and S-wave fronts in the supershear experiment. The dashed blue vertical lines labeled trup and tR

in both image frames mark the anticipated arrival times of the sub-Rayleigh (sR) and trailing sub-

Rayleigh (TR) ruptures, respectively. Arrival time estimates for each rupture front, as determined

from the equation of the best-fit lines, are highlighted in Figure 4.3.

The high-speed photoelastic image frames depicted in Figure 4.5 were acquired at t = 8 µs rela-

tive to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh experiment

is t = 3.74 µs when corrected for the measured nucleation delay time (tsdelay), while the actual time

in the case of the supershear experiment image frame corresponds to t = 3.86 µs.

The physical process through which the ablation of the NiCr wire leads to rupture nucleation is

not completely understood. However, it is reasonable to assume that the plasma discharge and the

resulting action of the expanding gases lead to a rapid, localized pressurization of the cylindrical wire

channel and the emission of a dilatational wave front into the surrounding medium. This leading
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dilatational disturbance likely corresponds to the familiar circular P-wave front, which is typically

observed in the early high-speed photoelastic image frames. Countless fault-parallel particle velocity

measurements, conducted both on and off of the fault, have shown that there is very little particle

displacement associated with the arrival of the leading P-wave front. The most dominant stress

and particle velocity field contributions observed in the experiments appear to result from a mode II

(shear) loading mechanism, which simultaneously occurs as a consequence of the resolved compressive

and shear stresses applied to the pressurized wire channel as the wire is ablated.

An expanded view of each image frame in Figure 4.5 reveals eight radially symmetric “fringe

lobes”, which are strikingly similar to the familiar radiation patterns of the transverse (S) and radial

(P) fields produced by a double couple. Note however that this is a maximum shear stress field

representation of the radiation patterns as manifested by the photoelastic fringes. The radiation

patterns are very likely the result of an impulsive shear loading of the cylindrical wire channel,

which occurs as the NiCr wire is rapidly ablated.

The four fringe lobes, oriented at approximately 0◦, 90◦, 180◦, and 270◦ with respect to the fault

are the maximum shear stress manifestation of the near-field S-lobes. The other four fringe lobes,

oriented at approximately 45◦, 135◦, 225◦, and 315◦ correspond to the near-field P-lobes. Radiation

patterns such as those displayed in Figure 4.5, and in the image frames which follow, are routinely

observed during the earliest moments of virtually every experiment and bear the defining signature

of a mode II dominated rupture nucleation process.

Although not as well-resolved as the radiation pattern fringe lobes, the photoelastic images in

Figure 4.5 also reveal a concentrated, anti-symmetric fringe pattern, corresponding to the stress

field of a mode II “crack”. The characteristic dimensions of the “crack” in this instance appear

to correlate with the dimensions of the discharge residue patch, which is routinely observed on the

fault surfaces of the test specimens following each experiment. Note as well the absence of any dark,

concentrated caustic zones a this time, which typically identify the position of the sub-Rayleigh

rupture tip. The observation suggests that the critical crack length condition required to nucleate

a dynamic (sub-Rayleigh) rupture has not yet been achieved. Note as well the absence of a well-
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Figure 4.6: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 12 µs

defined circular S-wave frontsat this time in stark comparison to the sharp expanding P-wave front,

which was observed from the outset.

The high-speed photoelastic image frames depicted in Figure 4.6 were acquired at t = 12 µs rela-

tive to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh experiment

is t = 7.74 µs when corrected for the measured nucleation delay time (tsdelay), while the actual time

in the case of the supershear experiment image frame corresponds to t = 7.86 µs.

Sharp, circular expanding S-wave fronts are now clearly visible in both image frames. Bilateral

sub-Rayleigh ruptures, as depicted in the right-hand image frame, are routinely observed in tradi-

tional laboratory earthquake experiments. Small dark caustics coinciding with the sub-Rayleigh tips

are easily identified in the image. Observations acquired over many experiments appear to suggest

that there is a direct correlation between the time when the sub-Rayleigh rupture tips emerge and
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Figure 4.7: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 16 µs

the time at which the sharp expanding circular S-wave fronts are first observed. The inference here

is that the familiar, sharp circular S-wave front, arises at the instant that the quasi-static mode II

crack becomes unstable and the (dynamic) bilateral rupture is suddenly nucleated.

Note that a bilateral sub-Rayleigh rupture has also been nucleated at this time in the supershear

experiment although the dark caustics are not nearly as visible as they are in the right-hand image.

The emergence of the sub-Rayleigh ruptures by this time in both experiments conservatively bounds

the rupture nucleation time to 8 µs < t < 12 µs relative to the instrumentation trigger time or,

4 µs < t < 8 µs when corrected for the measured nucleation delay time (tsdelay).

The radiation patterns in Figure 4.6 are now prominently displayed and clearly visible within

the annulus defined by the leading circular P-wave front and the sharp trailing circular S-wave front.

The anti-symmetric fringe patterns are also now clearly visible in both image frames and dominate
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Figure 4.8: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 18 µs

the interior region bounded by the expanding circular S-wave fronts.

The high-speed photoelastic image frames depicted in Figure 4.7 were acquired at t = 16 µs rela-

tive to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh experiment

is t = 11.74 µs when corrected for the measured nucleation delay time (tsdelay), while the actual time

in the case of the supershear experiment image frame corresponds to t = 11.86 µs.

The radiation patterns have continued to expand outward and remain bounded between the

leading circular P-wave front and the sharp trailing circular S-wave front. Note once again the

prominent leading S-field lobe in the right-hand image of Figure 4.7. The stress field within the local

region just ahead of the rupture tip results from the superposition of the leading S-field radiation

lobe and the local stress field produced by the sub-Rayleigh rupture tip. According to the Burridge-

Andrews mechanism, a peak in the shear stress field within this local region can lead to the formation
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Figure 4.9: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 21 µs

of a daughter crack on the S-wave front. There is as of yet no hint of a supershear transition in the

image.

The high-speed photoelastic image frames depicted in Figure 4.8 were acquired at t = 18 µs rela-

tive to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh experiment

is t = 13.74 µs when corrected for the measured nucleation delay time (tsdelay), while the actual time

in the case of the supershear experiment image frame corresponds to t = 13.86 µs. An expanded

view and careful examination of the image frame on the right reveals a fringe discontinuity just

ahead of the left traveling sub-Rayleigh rupture tip within the previously noted region where the

S-field lobe and sub-Rayleigh rupture fields are superimposed. The observed “break” in the fringe

signals the emergence of a daughter crack and the onset of the supershear transition. Note how

the estimate of t∗ = 18.2 µs for the supershear transition time, based upon the intersection of the
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Figure 4.10: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 25 µs

best-fit lines in Figure 4.3, has yielded a value within 0.2 µsec of the image frame time at which the

daughter crack is first observed. The accuracy of this estimate largely stems from the steady speed

maintained by the rupture throughout the duration of the experiment. Note as well the supershear

transition occurring just ahead of the right traveling sub-Rayleigh rupture in the same image frame.

The pair of black arrows in each image frame in Figure 4.8 highlight the anti-symmetric fringe

fringe pattern that remains centered about the hypocenter and persists even as the ruptures and

elastic wave fronts propagate away. Note in particular the sharply inclined fringe loops positioned to

the right and left of the hypocenter, which extend above and below the fault. The distance between

the points where the fringe loops intersect the fault was found to correlate with the dimensions

of the discharge residue patch, which was observed and measured on the fault surfaces after the

experiment was completed.
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The high-speed photoelastic image frames depicted in Figure 4.9 were acquired at t = 21 µs rela-

tive to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh experiment

is t = 16.74 µs when corrected for the measured nucleation delay time (tsdelay), while the actual time

in the case of the supershear experiment image frame corresponds to t = 16.86 µs.

Two supershear ruptures are seen propagating in opposite directions as clearly revealed by the

shear Mach cones in the right-hand figure. The trailing sub-Rayleigh rupture tips on either side of the

hypocenter are also clearly identified by a dark caustic zone at the center of the fringe concentrations

just behind the expanding S-wave front. Note as well how the lower portion of the leading S-field

fringe lobe has been shifted forward with respect to its counterpart on the opposite side of the fault

as a consequence of the right-lateral stress field perturbation introduced by the sudden emergence

of the supershear rupture. All of the other prominent stress field features, including the expanding

radiation patterns, remain visible at this time.

Returning now to the sub-Rayleigh experiment, note that a third dashed circle has been added

in the sub-Rayleigh experiment image on the left in Figure 4.9 in order to highlight a near-field

disturbance, which begins to appear at this time between the P- and S-wave fronts. A very similar

feature, although not as bright, is also visible in the supershear image on the right. This phenomena

is frequently captured in photoelastic images during this early portion of the experiment. The

feature is characterized by a brightening of the photoelastic field between the S-wave front and the

leading circular front, which bounds the disturbance. The nature of this disturbance is not fully

understood at this time and it remains unclear as to whether this can be interpreted as a natural

near-field effect, or whether it is a residual effect of the rupture nucleation scheme. The radius of the

intermediate expanding front was carefully measured beginning with this image frame and measured

in subsequent frames until it was no longer visible.

The high-speed photoelastic image frames depicted in Figure 4.10 were acquired at t = 25 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 20.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 20.86 µs.
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Figure 4.11: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 29 µs

The expanding circular P-wave fronts in each image frame are now each only a few millime-

ters away from crossing the measurement station at (−55, 10) mm. Inspection of the supershear

displacement-time curve in Figure 4.3 reveals that the rupture is propagating in the stable rupture

speed regime with an average speed of Vss = 2.27 mm/µs, which translates to Vss/Cs = 1.77. At

the same time, the trailing sub-Rayleigh rupture is observed to propagate with an average rupture

speed of VTR = 1.16 mm/µs, which translates to VTR/Cs = 0.91.

A concentrated dilatational field lobe is revealed by the sharp looping profile of the dark fringe,

positioned just above the supershear rupture tip in Figure 4.10. In this instance the dark fringe acts

as a “carrier fringe” which exposes the sharp stress field gradient between the leading dilatational field

lobe and the background stress field. The photoelastic (maximum shear stress field) manifestation

of the dilatational field lobes gives the false impression that the lobe only extends to one side of
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the fault. Contour plots derived from theoretical and numerical models reveal a similar profile for

the maximum shear stress field while plots of the other stress field components reveal symmetrically

oriented lobes, extending above and below fault. The observed position in this instance of the

maximum shear stress representation of the dilatational field lobe on the extensional of the fault

correlates very well with theoretical predictions.

Meanwhile, in the sub-Rayleigh rupture experiment, the rupture continues to propagate with an

average speed of VsR = 1.12 mm/µs, which translates to VsR/Cs = 0.88. Note how the expanding

near-field disturbance is still clearly visible in both images although far more-dominant in the sub-

Rayleigh image on the left. The particle velocity traces accompanying each image frame each remain

flat up to this point in time, consistent with the fact that not even the leading P-wave fronts have

reached the measurement stations at this time.

The high-speed photoelastic image frames depicted in Figure 4.11 were acquired at t = 29 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 24.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 24.86 µs.

Note how the particle velocity traces in both experiments continue to remain flat up through

this time even though the leading P-wave fronts have now both long since crossed the measurement

station. In the case of the sub-Rayleigh rupture experiment, the sharp circular boundary of the

advancing near-field disturbance continues to expand with the prominent lobes of the radiation

patterns vividly displayed within the intermediate near-field region.

Over in the supershear experiment, the radiation pattern has now faded to the point where it is

no longer revealed by the photoelastic fringe pattern. Sharp, straight Mach fronts are seen stemming

from the supershear rupture tip along with the prominent dilatational field lobe as revealed by dark

looping fringe, which wraps around the rupture tip. The pronounced contraction of the dilatational

field lobe along the FP direction naturally arises as a consequence of the supershear rupture speed

(Vss = 2.27 µs) which is approaching 90% of the dilatational wave speed (Vss/Cp = 0.89). The

trailing sub-Rayleigh rupture and its surrounding stress field is also clearly visible in the wake of
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Figure 4.12: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 33 µs

the supershear rupture.

The high-speed photoelastic image frames depicted in Figure 4.12 were acquired at t = 33 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 28.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 28.86 µs.

Note the distinct physical separation between the contracted dilatational field lobe and the

inclined shear Mach front in the superhsear experiment image frame, which naturally widens with

increased FN distance. The distinct separation between the dilatational and shear portions of the

field as observed in this experiment is a unique attribute of supershear rupture fields, which has no

counterpart in sub-Rayleigh rupture fields.

Pronounced jumps are now suddenly registered in the FP and FN particle velocity records in the
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supershear experiment. The noted velocity swings are clearly attributed to the leading dilatational

field lobe, which sweeps the off-fault measurement station in advance of the shear Mach fronts (recall,

that the particle velocity signals are plotted to a time 4 µs beyond the posted image frame time).

The initial velocity jumps produced by the dilatational field lobe are precursors to the arrival of the

shear Mach front, which follows.

Next, recall the supershear rupture arrival time estimate of t = 34.5 µs, which was inferred from

the distance-time curves in Figure 4.3. In actuality, this arrival time estimate predicts the time at

which the supershear rupture tip will reach (−55, 0) mm. Nonetheless, note how this estimate is in

very close agreement with emergence of the precursor signal at the point labeled a0 in Figure 4.12.

The excellent agreement between the on-fault arrival time of the rupture tip at (−55, 0) mm and

the off-fault arrival time of the dilatational field lobe at (−55, 10) mm is attributed to the strong

contraction of the field lobe in the FP direction and it normal orientation with respect to the fault.

Returning to the sub-Rayleigh experiment in Figure 4.12, observe how the radiation patterns in

the sub-Rayleigh image have now dramatically faded compared to their appearance in the previous

image frame. The expanding near-field disturbance has also just crossed the measurement station

at this time. Minor fluctuations are observed in the FP signal, beginning at the point labeled a0,

which correlates with the arrival of the intermediate circular front at the measurement station.

The final measurement of the expanding near-field front position was obtained from the t = 33 µs

image frame, leading to a total of four data points tracing back to t = 21 µs. The front was

no longer visible in the image frames obtained beyond this time. The resulting displacement-time

plot corresponding to the expanding near-field disturbance is displayed in Figure 4.3. A best-fit

line passed through these points is characterized by a slope of CNF = 2.56 mm/µs with a time

axis intercept tNF = 10.48 µs relative to the instrumentation trigger time. The first interesting

revelation is that the intermediate-field disturbance propagates at the P-wave speed. An extra data

point was added to the plot, based upon the equation of the best-fit line, in order to extrapolate

the curve down to its time axis intercept. Note the offset of ∆t = 6.22 µs between the time axis

intercept of the near-field disturbance curve and the S-wave time axis intercept given by (tsdelay).
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Figure 4.13: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 37 µs

The near-field disturbance was clearly initiated at a later time since it does not extrapolate back

to the same common point in time. This observation, coupled with the fact that the leading front

propagates at the dilatational wave speed suggests that the near-field disturbance may be a final

release wave arising from the wire ablation process, perhaps at the tail end of the process as the wire

channel cavity is unloaded. Evidence in support of this hypothesis is provided by the FP velocity

measurement, which reveals a small positive velocity increase at the time when the station was

swept by the near-field disturbance. Recall that the P-wave displacement field arising from a double

couple is predicted to be nodal on the fault and should gradually increase in magnitude at off-fault

positions on the extensional side of the fault until reaching a maxima at 135◦. Furthermore, in the

case of a double couple, the P-field should be directed radially outward from hypocenter and a fault-

parallel measurement should therefore initially register a negative velocity swing within the imposed
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coordinate system. However, note that the FP signal exhibits a gradual positive velocity increase as

the near-field disturbance crossed the station. The result implies a radial loading component, which

is directed back towards the hypocenter. One additional and very important observation comes

from a different set of experiments where the FP motion has been monitored at points lying very

close to the fault, and positioned on either side of the fault. When sliding occurs a distinct anti-

symmetric pair of particle velocity signals is obtained. When sliding does not occur the resulting

records are matched and virtually identical within the bounds of experimental uncertainties. Paired

FP measurements conducted just above and below the fault have shown that both sides of the fault

move together and that no sliding is observed as the near-field disturbance crosses the measurement

stations. All of these collective observations are consistent with the hypothesis that the near-field

disturbance is likely a release wave phenomena in the form of a “pull back” signal which is perhaps

linked to the sudden contraction of the wire channel at the tail end of the ablation process.

The high-speed photoelastic image frames depicted in Figure 4.13 were acquired at t = 37 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 32.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 32.86 µs.

Returning once again to the sub-Rayleigh experiment, note the continued positive climb of the

FP signal starting from the point labeled as a0 as the near-field disturbance continues to sweep

across the measurement station at (−55, 10) mm. The photoelastic image appears otherwise normal

in every respect with the S-wave front and sub-Rayleigh rupture continuing to propagate towards

the measurement station.

A glance at the supershear image frame reveals that there is still a considerable gap between

the measurement station and the shear Mach front. The supershear rupture tip and the leading

dilatational field-lobe have already advanced well beyond the measurement station at this time.

Careful evaluation of the particle velocity signals reveals that the precursor signals reach their

respective maxima (point a1) and minima (point A) at times t = 38.5 µs and t = 42.87 µs, respec-

tively, (the point A in the FN record is also identified with the arrival of the shear Mach front). Note
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Figure 4.14: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 41 µs

that neither of these times coincide with the time when the supershear rupture tip was positioned

directly below the station. The result indicates that location where dilatational field lobe compo-

nents reach their respective peaks is inclined away from the fault-normal and positioned closer to

the shear Mach fronts.

Note as well how the magnitude of the velocity swing between points a0 and a1 in the FP record

is greater than the corresponding swing between points a0 and A in the FN record. This feature is

also predicted by theory and reflects the circulation of the dilatational field term about the rupture

tip (recall ∇×up = 0). This is once again a unique consequence of supershear rupture field solutions,

whereby the dilatational field in the region lying ahead of the shear Mach front is distinctly isolated

from shear field bounded behind the Mach fronts.

The high-speed photoelastic image frames depicted in Figure 4.14 were acquired at t = 41 µs
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relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 36.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 36.86 µs.

The supershear image frame captures the shear Mach front as it was just about to cross the

measurement station. The particle velocity signals (plotted up to t = 45 µs) reveal how the motion

along the shear Mach front is dominated by the FP component as predicted for a supershear rupture

in the stable rupture speed regime (
√

2Cs < Vr < Cp). A careful examination of the particle velocity

records identifies the points labeled A (at t = 42.87 µs) in the FN record and a2 (at t = 42.45 µs)

in the FP record with the arrival of the shear Mach front. The ratio between the FP and FN

velocity jumps along the shear Mach front was determined by dividing the magnitude of the velocity

jump between points a2 and A in the FP record by the magnitude of the velocity jump between

points A and B in the FN record. The measurements yield the ratio βmeass = |δu̇sx|/|δu̇sy| = 1.686,

where δu̇sx and δu̇sy represent the measured fault-parallel and fault-normal particle velocity jumps,

respectively. The average supershear rupture speed Vss = 2.27 mm/µs translates to a theoretical

value of βs =
√
V 2
ss/C

2
s − 1 = 1.458. The particle velocity measurements thus yield an estimate for

βmeass , which is 15.7% higher than the theoretical value of βs. This particular measurement along

with several other similar measurements of βs is examined in more-detail in Section 4.5.

Returning once again to the sub-Rayleigh experiment, the image frame reveals the S-wave front

and sub-Rayleigh rupture continuing to advance towards the measurement station at (−55, 10) mm.

The photoelastic fringe pattern looks classic in every respect. The radiation patterns have long

since faded as has the brightened band induced by the near-field disturbance. Note the gentle but

sustained, positive velocity increase registered by the FP component as the trailing portion of the

near-field disturbance continues to cross the measurement station.

The high-speed photoelastic image frames depicted in Figure 4.15 were acquired at t = 45 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh ex-

periment is t = 40.74 µs when corrected for the measured nucleation delay time (tsdelay), while the

actual time in the case of the supershear experiment image frame corresponds to t = 40.86 µs. The
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Figure 4.15: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 45 µs

high-speed image at t = 45 µs captures a relatively quiescent moment in time between the passage

of the shear Mach front and the pending arrival of the (secondary) sub-Rayleigh rupture. The mea-

surement station will soon experience a second dynamic event when the extended stress field lobe

of the sub-Rayleigh arrives and crosses the station.

It is interesting to note the glaring lack of a secondary signal in the supershear experiment.

Close examination of the photoelastic image reveals the secondary (interior) Mach fronts, which are

normally correlated to the observance of the secondary supershear signals (see Section 3.10). In this

instance however, the internal secondary Mach fronts have simply not yet extended far enough in

the FN direction to sweep the off-fault measurement station at (−55, 10) mm and so the recorded

signal is void of the secondary peak that is so often observed!

In the sub-Rayleigh experiment, the S-wave front is shown approaching the measurement station.
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Figure 4.16: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 50 µs

The particle velocity curves, which are plotted to t = 49 µs beyond the image frame time reveal

how the near-field disturbance has leveled off and has had the net effect of slightly biasing the FP

curve by 0.5 m/s in advance of the S-wave front and sub-Rayleigh rupture.

The high-speed photoelastic image frames depicted in Figure 4.16 were acquired at t = 50 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh exper-

iment is t = 45.74 µs when corrected for the measured rupture time delay (tsdelay), while the actual

time in the case of the supershear experiment image frame corresponds to t = 45.86 µs.

The image frames corresponding to t = 50 µs in both experiments show the extended lobe

of each sub-Rayleigh rupture just beginning to cross the particle velocity measurement station at

(−55, 10) mm.

The FN particle velocity signal in the sub-Rayleigh experiment exhibits a sudden sharp negative
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velocity swing of −1.19 m/s between the points C and D as the sub-Rayleigh rupture field lobe

sweeps the station. The sense of motion is consistent with a right-lateral rupture at this location.

An expanded view of the FP particle velocity trace for the sub-Rayleigh experiment shows a very

subtle but detectable velocity increase of 0.13 mm/µs between a1 and B. It is difficult to ascertain

whether this FP swing is due to the rupture or part of the background near-field signal. Either

way, there is clearly very little FP motion transported to this off-fault location by the sub-Rayleigh

field. The sub-Rayleigh velocity field is dominated by the FN component as it should be according

to theory.

Meanwhile in the supershear experiment, similar features are observed within the portion of each

particle velocity trace corresponding to the arrival of the trailing sub-Rayleigh rupture. A negative

velocity swing of −1.96 mm/µs is exhibited by the FN component between the points labeled C

and D while a small positive velocity increase of 0.434 µs is registered in the FP signal between

the points B and C. The observed dominance of the FN component and the sign each respective

velocity swing are all consistent with the expected sense of particle motion induced by a right-lateral

sub-Rayleigh rupture at this location.

The high-speed photoelastic image frames depicted in Figure 4.17 were acquired at t = 60 µs

relative to the instrumentation trigger time. The actual time in the case of the sub-Rayleigh exper-

iment is t = 55.74 µs when corrected for the measured rupture time delay (tsdelay), while the actual

time in the case of the supershear experiment image frame corresponds to t = 55.86 µs.

The supershear rupture and the trailing sub-Rayleigh rupture, which follows in its wake have

both long since swept through by the off-fault measurement station at (−55, 10) mm. The velocity

swings within the FP and FN records, which occur between the S-wave arrival time (ts) and the

rupture (on-fault) arrival time (trup), are clearly characterized by a dominant FN velocity swing.

Note how the negative velocity swing in the “trailing Rayleigh” signal mimics the observed velocity

swing between points C and D in the FN record of the sub-Rayleigh rupture experiment. The

positive velocity swing registered between the points D and E in the in the FN record on the right

was induced by the trailing edge of the rupture field lobe. Note as well how this portion of the
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Figure 4.17: Contrast between sub-Rayleigh and supershear experiments: (−55, 10) mm at t = 60 µs

record very much mimics the positive velocity swing between points D and E in FN record of the

sub-Rayleigh rupture experiment on the left. Beyond this time, both signals proceeded to settle

down to nearly constant levels.

The particle velocity traces for each experiment, plotted out to t = 64 µs, provide a final graphical

contrast between the sub-Rayleigh and supershear ground motion. In summary, the supershear

particle velocity records are comprised of three distinct segments. The first distinct segment spans

from a0 → A in the FP and FN records and corresponds to the passage of the leading dilatational

field lobe, which precedes the arrival of the shear Mach front. The observed dominance of the

FP motion in the dilatational portion of the record at this measurement location is consistent with

theoretical and numerical predictions. The second distinct segment of the FP and FN records, spans

between the points A → A
′

and corresponds to the arrival of the shear Mach front. The observed
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Figure 4.18: Consecutive photoelastic image frames capture the sub-Rayleigh rupture crossing the
measurement station located at (−55, 0) mm. The red lines in the image highlight the optical paths
of the FP and FN interferometer beams, which simultaneously monitored the particle velocity at this
location.

dominance of the FP component and the noted positive velocity jumps exhibited by each component

at (−55, 10) mm, are consistent with the predicted sense of motion for a stable supershear rupture

(
√

2Cs < Vr < Cp) crossing a measurement station on the extensional side of the fault. The third

distinct segment of the supershear particle velocity records, corresponds to the“ trailing Rayleigh”

portion of the record. which spans between C → E in the FN record and the corresponding portion

of the FP record starting from point B and extending through point C. The “trailing Rayleigh”

portion of the record is now dominated by the FN component. The observed negative velocity swing

of the FN component and positive swing in the FP component at (−55, 10) mm is consistent in

every respect with the predicted sense of motion for a sub-Rayleigh rupture field on the extensional

side of the fault.

The particle velocity records, which resulted in the sub-Rayleigh experiment also feature a dom-

inant FN component as expected. Note as well that the general profile of the FN record in the

sub-Rayleigh experiments mimics the “trailing Rayleigh ” portion of the supershear experiment

record (and vice versa). The resulting fault-parallel component in the sub-Rayleigh experiment was

weak and did not extend much above the biased FP motion introduced by the near-field disturbance,

which peaked at 0.48 m/s. Regardless of this fact, the experiments show that there is clearly very

little FP motion transported to the off-fault locations by the sub-Rayleigh field.
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4.3 Examination of |δu̇y(x, y)|/|δu̇x(x, y)| in sub-Rayleigh par-

ticle velocity records using the (FN,FP) laser interfer-

ometer probe configuration

4.3.1 Design of experiment

A series of sub-Rayleigh rupture experiments were conducted using the (FP,FN) fiber-optic probe

configuration depicted in Figure 4.1. All tests in this particular series were conducted using 6′′ ×

6′′ × 0.375′′ H-100 specimens, which featured a fault angle of α = −29◦. Simultaneous particle

velocity records were obtained at various distances from the fault as a sub-Rayleigh rupture and its

surrounding field swept past the measurement station. A synchronized, photoelastic image sequence

of the event was also obtained using high-speed photography. The precise location of the sub-

Rayleigh rupture was identified in high-speed image frames and directly correlated to the observed

velocity swings exhibited by each particle velocity component. Additional details of the experimental

configuration and all measurement procedures are summarized in Section 4.2.1.

4.3.2 Results, analysis, and interpretation of particle velocity records and

photoelastic images

Figure 4.18 depicts a pair of photoelastic images obtained from a sub-Rayleigh experiment (exp09-

043), which was conducted with a static compressive load of P = 19 MPa applied to the specimen.

A bilateral sub-Rayleigh rupture was produced and a 2 MPa reduction of the static compressive

load was noted at the conclusion of the experiment as registered by the load dial indicator of the

hydraulic press.

The photoelastic image frames in Figure 4.18 reveal a sub-Rayleigh rupture as it crossed the

particle velocity measurement station located at (−55, 0) mm. An expanded view of the images

reveals a dark, concentrated caustic zone on the fault corresponding to the position of the advancing

rupture tip. The image on the left, acquired at t = 53 µs, depicts the sub-Rayleigh rupture tip
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Figure 4.19: Pulse-like particle velocity profile of the sub-Rayleigh rupture portrayed in Figure 4.18.
The curves are characterized by a FN component, whose magnitude is only slightly greater than the
magnitude of the FP velocity signal (|δu̇y|/|δu̇x|+ = 1.02).

approaching the on-fault measurement station, while the image on the right, acquired at t = 57 µs,

reveals the rupture just after it crossed the station. The local maximum shear stress field surrounding

the rupture tip is revealed by the prominent fringe lobes extending to either side of the fault. A faint

relic of the expanding circular S-wave front is also visible in the lower-left corner of the t = 53 µs

image frame. The red lines in the images highlight the optical paths of the FP and FN fiber-

optic probe beams, which were focused at nearly grazing incidence onto the lower-left corner of a

retro-reflective strip of tape (also visible in an expanded view). Scattered laser light was collected

and interfered to generate continuous particle velocity records corresponding to u̇x(−55, 0+) and

u̇y(−55, 0). Note that the red line corresponding to the FP beam in the right-hand image has not

been extended to the station in order to avoid covering the small dark caustic zone corresponding

to the sub-Rayleigh rupture tip.

Figure 4.19 depicts the continuous FP and FN particle velocity records obtained from the ex-

periment (exp09-043). The two red triangles on the time axis correspond to the times at which the

consecutive image frames in Figure 4.18 were acquired. The red and green vertical lines labeled tp
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Figure 4.20: Consecutive photoelastic image frames capture the sub-Rayleigh rupture crossing the
particle velocity measurement station located at (−55, 0) mm. The t = 53 µs image frame reveals the
sudden emergence of a daughter crack and the onset of a supershear transition.

and ts mark the anticipated arrival times of the leading P- and S-wave fronts at the measurement

station. The blue vertical line positioned at t = 55 µs marks the rupture arrival time at the mea-

surement station as determined by tracking the position of the rupture tip. The noted arrival time

corresponds to an average rupture speed of Vr = 0.85Cs and also correlates well with the sudden

sharp velocity increase exhibited by the FP record. Note that the notation δu+
1 signifies that the

FP particle velocity measurement was conducted on the extensional side of the fault at a point

estimated to lie within 200 µm of the interface. The FP record in this instance appears strongly

pulse-like and represents one-half of the slip function. The (+) notation is dropped in the case of

the FN component since the sense of motion for this component is continuous across the fault. The

magnitudes of the FN and FP velocity swings, determined by

|δu̇+
x | = |(u̇+

1 )max − (u̇+
x )min| (4.1)

|δu̇y| = |(u̇2)max − (u̇y)min| (4.2)

are each noted in Figure 4.19. The “dominance” of the FN signal is observed although in this

instance the FP velocity swing given by |δu+
1 | = 7.12 m/s approaches to within 98% of the FN

velocity swing given by |δu2| = 7.27 m/s.
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Figure 4.21: Crack-like particle velocity profile of the sub-Rayleigh rupture portrayed in Figure 4.20.
The curves are characterized by a dominant FN component, whose magnitude is 1.5× greater than the
magnitude of the FP velocity signal (|δu̇y|/|δu̇+

x | = 1.50).

Figure 4.20 depicts a pair of photoelastic images obtained from a second laboratory earthquake

experiment (exp09-042), which was also conducted with an initial static compressive load of P =

19 MPa. A bilateral sub-Rayleigh rupture once again resulted and a 3.4 MPa stress drop was noted

at the conclusion of the experiment.

The image frame on the left in Figure 4.20, corresponding to t = 49 µs, reveals a sub-Rayleigh

rupture approaching the measurement station located at (−55, 0) mm. As was the case in the

previous experiment, an expanded view of the image reveals a dark, concentrated caustic zone on

the fault corresponding to the advancing rupture tip. The prominent local maximum shear stress

field surrounding the rupture tip is revealed by the fringe pattern as is the expanding circular S-wave

front, which is more-clearly visible in this experiment. An expanded view of the image on the right,

acquired at t = 53 µs, reveals that the rupture tip has now just cleared the measurement station. A

rupture arrival time estimate of t = 52.9 µs was determined from the photoelastic image sequence.

The t = 53 µs image frame also reveals the sudden emergence of a daughter crack and the onset

of a supershear transition. The image is in stark contrast to the image of the sub-Rayleigh rupture
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Figure 4.22: Scatter plot of the |δu̇y|/|δu̇+
x | for sub-Rayleigh and trailing-sub-Rayleigh ruptures

resulting from broad range of laboratory earthquake experiments

acquired only 4 µs earlier. A closer examination of the left-hand image frame (in hindsight) reveals

a subtle hint of the looming transition by the slightly distorted appearance of the interior fringe of

the leading S-field radiation lobe.

Figure 4.21 depicts the continuous FP and FN particle velocity records obtained from experiment

exp 09-042. As in the previous example, the two red triangles mark the times at which the consecutive

image frames in Figure 4.20 were acquired. The blue vertical line positioned at t = 52.9 µs marks

the estimated rupture arrival time at the measurement station as determined from the rupture tip

positions in the high-speed images. The noted rupture arrival time corresponds to an average rupture

speed of Vr = 0.88Cs and also correlates very well with the sudden sharp velocity increase exhibited

by the FP record. Note as well how the rupture was crack-like in this experiment as revealed by the

nearly constant sliding speed of u̇x 1.3 m/s, which was sustained well after the rupture had crossed

the measurement station. The particle velocity records are dominated by the FN component, which

exhibits a velocity swing, which is 1.5× greater in magnitude than the velocity swing displayed by the
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FP component. The higher recorded ratio between the FN and FP velocity swings of |δu̇y|/|δu̇+
x | =

1.5 in the case of the crack-like rupture (exp09-042) compared to |δu̇y|/|δu̇+
x | = 1.02 in the case of

the pulse-like rupture (exp09-043) is typical of what is experimentally observed between crack-like

and pulse-like ruptures. Finally, note that the leading (shorter) peak in the FP record at t = ts,

which is attributed to the emergence of the supershear daughter crack on the leading S-wave front.

The experiment demonstrates a sub-Rayleigh rupture velocity field, which is dominated by the FN

component leading all the way up to the onset of a supershear transition.

The experiments (exp09-042) and (exp09-043) are representative of a broad range of laboratory

earthquake experiments, which were conducted using the (FN,FP) fiber-optic laser interferometer

probe configuration. The objectives of these experiments varied but they were all re-examined

after the fact in order to assess the ratio between the magnitudes of the FN and FP components.

Figure 4.22 is a scatter plot of the ratio |δu̇y|/|δu̇+
x | for sub-Rayleigh and trailing sub-Rayleigh

ruptures, obtained from 19 separate laboratory earthquake experiments. The blue diamonds in the

plot correspond to sub-Rayleigh rupture experiments and the red circles correspond to the ratio

|δu̇y|/|δu̇+
x | applied to the trailing Rayleigh portion of various supershear records. The experiments

were conducted at various static compressive loads, which also resulted in a wide range of stress

drops. The scatterplot mainly serves to demonstrate the dominance if the FN component in sub-

Rayleigh ruptures as experimentally observed over a wide range of test conditions. As previously

noted, there does appear to be an observed trend whereby the ratio |δu̇y|/|δu̇+
x | → 1+ in the case of

pulse-like sub-Rayleigh ruptures.
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Figure 4.23: Laboratory earthquake experiment featuring the paired FN laser interferometer probe
beam configuration for the characterization of sub-Rayleigh particle velocity field decay

4.4 Investigation of sub-Rayleigh particle velocity field decay

using an (FN1,FN2) laser interferometer probe arrange-

ment

4.4.1 Design of experiment

A series of sub-Rayleigh rupture experiments were conducted using the laser interferometer probe

configuration depicted in Figure 4.23. All tests in this series were conducted using a 6′′×6′′×0.375′′

H-100 specimens, which featured a fault angle of α = −29◦. Simultaneous FN particle velocity

records were obtained at an on-fault and an off-fault measurement station as depicted in the image.

Experiments were conducted at various FN distances and the ratio of the resulting velocity swings

was examined. A synchronized, photoelastic image sequence of the event was also obtained using

high-speed photography. The precise location of the sub-Rayleigh rupture was identified in high-

speed image frames and directly correlated to the observed velocity swings exhibited by each particle
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Figure 4.24: Consecutive photoelastic image frames capture the sub-Rayleigh rupture and its sur-
rounding stress field crossing the particle velocity measurement stations located at (−55, 0) mm and
(−55, 2.5) mm. The red lines in the image highlight the optical paths of the two FN interferometer
probe beams, which simultaneously monitored the particle velocity at these locations.

velocity component.

4.4.2 Results, analysis, and interpretation of particle velocity records and

photoelastic images

Figure 4.24 depicts a pair of photoelastic images obtained from a sub-Rayleigh experiment (exp09-

096), which was conducted with a static compressive load of P = 11 MPa applied to the specimen.

A bilateral sub-Rayleigh rupture was produced and a 1 MPa reduction of the static compressive

load was noted at the conclusion of the experiment as registered by the load dial indicator of the

hydraulic press.

The photoelastic image frames in Figure 4.24 reveal a sub-Rayleigh rupture and its surrounding

maximum shear stress field as it crossed two closely spaced particle velocity measurement stations

located at (−55, 0) mm and (−55, 2.5) mm. An expanded view of the images reveals the familiar

dark, concentrated caustic zone on the fault corresponding to the position of the advancing rupture

tip in each image frame. The image on the left, acquired at t = 50 µs, depicts the sub-Rayleigh

rupture tip approaching the on-fault measurement station, while the image on the right, acquired

at t = 55 µs, reveals the rupture just after it crossed the on-fault station. A rupture arrival time

estimate of t = 53.4 µs was determined from the photoelastic image sequence. The images also show

the leading edge of the prominent field lobe approaching the off-fault station at t = 50 µs and the
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Figure 4.25: Paired FN particle velocity traces corresponding to the sub-Rayleigh rupture depicted
in Figure 4.24. Virtually identical FN particle velocity profiles are observed at the on-fault and off-fault
measurement stations.

trailing edge of the field lobe crossing the measurement station at t = 55 µs.

The red lines in the images highlight the optical paths of the FN fiber-optic probe beams, which

were focused at nearly grazing incidence onto the upper and lower-left corner of the retro-reflective

strip of tape (also visible in an expanded view). Scattered laser light was collected and interfered to

generate continuous particle velocity records corresponding to u̇y(−55, 0+) and u̇y(−55, 2.5).

Figure 4.25 depicts the continuous paired FN particle velocity records obtained from the same

experiment (exp09-096). The two red triangles on the time axis correspond to the times at which

the consecutive image frames in Figure 4.24 were acquired. The blue vertical line positioned at

t = 53.4 µs marks the rupture arrival time estimate at the measurement station as determined by

tracking the position of the tip. The noted arrival time corresponds to an average rupture speed of

Vr = 0.88Cs. The two particle velocity records exhibit virtually identical profiles at the two closely

spaced measurement locations and show no appreciable decay at such a short distance from the

fault.

Figure 4.26 depicts a pair of photoelastic images obtained from a second laboratory earth-

quake experiment (exp09-073), which was conducted with an initial static compressive load of

P = 7.6 MPa. A bilateral sub-Rayleigh rupture resulted and a 0.6 MPa stress drop was noted at
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Figure 4.26: Consecutive photoelastic image frames capture the sub-Rayleigh rupture and its sur-
rounding stress field crossing the particle velocity measurement stations located at (−55, 0) mm and
(−55, 10) mm. The red lines in the image highlight the optical paths of the two FN interferometer
probe beams, which simultaneously monitored the particle velocity at these locations.

the conclusion of the experiment.

The photoelastic image frames in Figure 4.26 reveal a sub-Rayleigh rupture and its surrounding

maximum shear stress field as it crossed the two particle velocity measurement stations located

at (−55, 0) mm and (−55, 10) mm. The prominent lobes of the local maximum shear stress field

surrounding the rupture tip, and the expanding circular S-wave fronts are clearly visible in each

image frame. The image on the left, acquired at t = 50 µs, depicts the sub-Rayleigh rupture tip

approaching the on-fault measurement station, while the image on the right, acquired at t = 55 µs,

reveals the rupture just after it crossed the on-fault station. A rupture arrival time estimate of

t = 51.88 µs was determined from the photoelastic image sequence. The images also show the

leading edge of the prominent field lobe crossing the off-fault station at t = 50 µs and the trailing

edge of the field lobe crossing the approaching station at t = 55 µs.

Figure 4.27 depicts the continuous paired FN particle velocity records obtained from the same

experiment (exp09-073). The two red triangles on the time axis correspond to the times at which

the consecutive image frames in Figure 4.26 were acquired. The solid red and green vertical lines

labeled tp and ts mark the anticipated arrival times of the leading P- and S-wave fronts at the on-

fault measurement station. The dashed red and green lines correspond to the S- and P-wave arrival

times at the off-fault station. The blue vertical line positioned at t = 51.88 µs marks the rupture



173

20 25 30 35 40 45 50 55 60 65

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

exp 09-073

Ve
lo

ci
ty

(m
/s

)

Time (μs)

FN1: (-55,0)mm

FN2: (-55,10)mm

|δu̇y | = 3.04 m/s

|δu̇y | = 1.45 m/s

tp tsRts

Figure 4.27: Paired FN particle velocity traces corresponding to the sub-Rayleigh rupture depicted
in Figure 4.26. The FN record obtained at (−55, 10) mm exhibits a signal amplitude which is 48% of
its corresponding on-fault value.

arrival time estimate at the on-fault measurement station as determined from the photoelastic image

sequence. In this case the noted arrival time corresponds to an average rupture speed of Vr = 0.91Cs.

The two symmetric particle velocity profiles in Figure 4.27 correlate to the passage of the rupture

tip and its surrounding field at the two measurement stations. The amplitude of the FN record

obtained at (−55, 10) mm is 48% of the corresponding on-fault signal amplitude.

Figure 4.28 depicts a pair of photoelastic images obtained from a third laboratory earthquake

experiment (exp09-073), which was conducted with an initial static compressive load of P = 12MPa.

A bilateral sub-Rayleigh rupture resulted and a 0.2 MPa stress drop in the static-compressive stress

was noted at the conclusion of the experiment.

The photoelastic image frames in Figure 4.28 reveal a sub-Rayleigh rupture and its surrounding

maximum shear stress field as it crossed the two particle velocity measurement stations located

at (−55, 0) mm and (−55, 24) mm. The prominent lobes of the local maximum shear stress field

surrounding the rupture tip are clearly visible within each image frame along faint but detectable

traces of the circular S-wave front. The image on the left, acquired at t = 50 µs, depicts the sub-

Rayleigh rupture tip approaching the on-fault measurement station, while the image on the right,

acquired at t = 55 µs, reveals the rupture just after it crossed the on-fault station. A rupture arrival
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Figure 4.28: Consecutive photoelastic image frames capture the sub-Rayleigh rupture and its sur-
rounding stress field crossing the particle velocity measurement stations located at (−55, 0) mm and
(−55, 24) mm. The red lines in the image highlight the optical paths of the two FN interferometer
probe beams, which simultaneously monitored the particle velocity at these locations.

time estimate of t = 52 µs was determined from the photoelastic image sequence. The images on

the left reveals the S-wave front and the leading edge of the prominent field lobe approaching the

off-fault station at t = 50 µs. The central portion of the extended field lobe is shown crossing the

measurement station in the t = 55 µs image frame.

Figure 4.29 depicts the continuous paired FN particle velocity records obtained from the same

experiment (exp09-067). The two red triangles on the time axis correspond to the times at which

the consecutive image frames in Figure 4.28 were acquired. The solid red and green vertical lines

labeled tp and ts mark the anticipated arrival times of the leading P- and S-wave fronts at the on-fault

measurement station. The dashed red and green lines correspond to the S- and P-wave arrival times

at the off-fault station. The blue vertical line positioned at t = 52 µs marks the rupture arrival time

estimate at the on-fault measurement station as determined from the photoelastic image sequence.

In this case the noted arrival time corresponds to an average rupture speed of Vr = 0.90Cs. The

corresponding FN particle velocity profiles in Figure 4.29 correlate well with the observed passage

of the rupture tip and its surrounding field at the two measurement stations. The amplitude of the

FN record obtained at (−55, 24) mm is 24% of the corresponding on-fault signal amplitude.

The three experiments exp09-096, exp09-073, and exp09-043 reflect the a span of laboratory

earthquake experiments, which were conducted using the (FN1,FN2) interferometer probe config-
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Figure 4.29: Paired FN particle velocity traces corresponding to the sub-Rayleigh rupture depicted
in Figure 4.28. The FN record obtained at (−55, 24) mm exhibits a signal amplitude which is 24% of
its corresponding on-fault value

uration in order to investigate the decay of sub-Rayleigh ground motion. Figure 4.30 summarizes

the results obtained from all of the sub-Rayleigh ground motion decay experiments whereby the

ratio |u̇off−faulty /u̇on−faulty | is plotted versus the FN distance. Each measurement was naturally

normalized with respect to the static load and resulting load drop of the experiment from which it

was obtained. The experiments were however, conducted over a range of static compressive loads

and also encompass a range of global stress drops.

The inset in the figure is a simple reminder of the experimental configuration and the laser inter-

ferometer probe configuration that was used to determine the FN velocity swing at each respective

measurement station. The red triangles in the figure correspond to data points while the blue curve

is a simple empirical curve fit obtained using a Gaussian relationship and has no physical meaning.

Note the cluster of data points corresponding to (1mm ≤ x ≤ 2.5mm), which consistently yielded

a ratio slightly greater than unity. This is likely a manifestation of the local field associated with

the process zone surrounding the rupture tip. The FN signal amplitude otherwise exhibits a rapid

decay with increased FN distance as expected for a sub-Rayleigh particle velocity field.
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Figure 4.30: Decay of the FN signal amplitude represented by the |u̇off−fault
y /u̇on−fault

y | plotted
versus the FN distance. Results were obtained from 10 independent laboratory earthquake experiments
using the paired FN laser interferometer probe configuration, as depicted in the inset.

4.5 Examination of the ratio βs = |δu̇sx(zs)|/|δu̇sy(zs)| along a

shear Mach front using the (FN,FP) laser interferometer

probe configuration

4.5.1 Design of experiment

A series of supershear experiments were conducted using the (FP,FN) laser interferometer probe

configuration depicted in Figure 4.1. All tests in this particular series were conducted using 6′′ ×

6′′ × 0.375′′ H-100 specimens, which featured a fault angle of α = −29◦. Simultaneous particle

velocity records were obtained at various distances from the fault as a supershear rupture and its

surrounding field swept past the measurement station. A synchronized, photoelastic image sequence

of the event was also obtained using high-speed photography. The precise location of the supershear

rupture tip, leading dilatational field lobe, and shear Mach fronts were all identified in high-speed

image frames and directly correlated to the observed velocity swings exhibited by each particle
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Figure 4.31: Consecutive photoelastic image frames capture a supershear rupture crossing a particle
velocity measurement station positioned at (−55, 5) mm. The red lines in the image highlight the
optical paths of the FN and FP interferometer probe beams, which simultaneously monitored the FN
and FP particle velocity components at this location.

velocity component. The separation between the leading dilatational field lobe and the shear Mach

front permits a direct measurement of the particle velocity jumps δu̇sx and δu̇sy along the shear Mach

front. The ratio |δu̇sx|/|δu̇sy| was then determined and compared to the theoretical value based upon

a knowledge of the rupture speed as revealed by the high-speed image sequence. An example of

this type of measurement was presented in Section 3.11.2 during the frame-by-frame evaluation of

the supershear experiment (exp09-047). Nine additional supershear experiments were conducted an

analyzed in a similar manner. The results from this series of experiments are presented in this section.

Figure 4.31 depicts a pair of photoelastic images obtained from a supershear rupture experiment

(exp09-039), which was conducted with an initial static compressive load of P = 24.8 MPa. A

bilateral sub-Rayleigh rupture resulted, which quickly transitioned to a pair of supershear ruptures,

which are clearly visible in both image frames. Note as well the sharp circular S-wave front and

the trailing sub-Rayleigh rupture positioned within the wake of the supershear rupture. A 3.4 MPa

stress drop in the static-compressive stress was noted at the conclusion of the experiment.

The photoelastic image frames in Figure 4.28 capture the supershear rupture and its surrounding

field as it crossed the particle velocity measurement station at (−55, 5) mm. The leading dilatational

field lobe is clearly visible and is seen crossing the measurement station in the t = 33 µs image frame.

The supershear rupture tip was located at (-54.8,0)mm at this moment in time. The acute angle
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(θ) between the shear Mach fronts and the specimen fault was measured in order to determine the

instantaneous supershear rupture speed (Section 3.11.3). An estimated measurement uncertainty of

±0.50◦ in the measurement of the Mach angle translates to a normalized rupture speed uncertainty

of ±0.02 m/s through the Mach angle relationship given by

Vr/Cs =
1

sin θ
. (4.3)

The shear Mach front angles in the t = 33 µs image frame were measured and averaged to yield

a Mach angle estimate of θ = 36.10◦ ± 0.50◦, which translates to a normalized rupture speed of

Vr/Cs = 1.70± 0.02.

The image on the right, acquired at t = 37 µs, captures the shear Mach front just as it crossed

the measurement station. A line drawn through the sharp cusps in the upper Mach front was used to

measure the Mach angle and estimate the instantaneous rupture speed (Section 3.11.3). The straight

Mach front on the compressional side of the fault also facilitated an accurate measurement of the

supershear rupture speed. The two Mach angles were averaged to obtain the value θ = 36.80◦±0.50◦,

which translates to a an estimated normalized rupture speed of Vr/Cs = 1.67±0.05. The normalized

rupture speed values obtained from the left and right image frames were then averaged together to

obtain a final estimate for the normalized supershear rupture speed given by Vr/Cs = 1.69±0.02. The

instantaneous rupture speed estimate was also found to agree very well with the average normalized

rupture speed V̄r/Cs = 1.66 obtained through a frame-by-frame analysis of the rupture tip position

spanning 3 image frames between t = 29 µs and t = 37 µs.

Figure 4.32 depicts the FN and FP particle velocity records obtained at (−55, 5) mm during the

supershear rupture experiment (exp09-039). The red and green vertical lines at t = 26.1 µs and

t = 47.7 µs, respectively, denote the anticipated arrival times of the leading P- and S-wave fronts at

(−55, 5 mm. The two red triangles mark the times t = 33 µs and t = 37 µs when the consecutive

image frames in Figure 4.31 were acquired. The blue line at t = 53.9 µs marks the anticipated

arrival time of the sub-Rayleigh rupture tip at (−55, 0) mm. The dashed, black, vertical line at
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Figure 4.32: Simultaneous FN and FP particle velocity records recorded at the at the off-fault
measurement positioned at (−55, 5) mm reveal the signature of the leading dilatational field lobe
followed shortly thereafter by the sharp velocity jumps associated with the arrival of the shear Mach
front.

t = 33.6 µs marks the arrival of the familiar precursor signal, which is attributed to the leading

dilatational field lobe. The time of the of the noted velocity jump correlates extremely well with the

image of the leading dilatational field lobe shown crossing the measurement station in the left-hand

(t = 33 µs) image frame of Figure 4.31. The second, dashed, black, vertical line at t = 37.7 µsec in

Figure 4.32 corresponds to the arrival of the shear Mach front at (−55, 5) mm. The noted velocity

jump also correlates very well with image of the shear Mach front shown crossing the measurement

station in the right-hand (t = 37 µs) image frame of Figure 4.31.

The sharp velocity jumps attributed to the passage of the shear Mach front are highlighted in

Figure 4.32 and denoted as δu̇sx and δu̇sy, where the superscript “s′′ is added to emphasize the fact

that the observed velocity jump corresponds to the motion carried by the shear Mach front. A

detailed analysis of the particle velocity records reveals that the FP signal jumped from (u̇sx)0 =

2.138 m/s to (u̇sx)f = 4.982 m/s in the course of 0.77 µs, corresponding to δu̇sx = 2.844 m/s and

an average acceleration of üs1 = 3.7 × 106m/s2! In the case of the FN signal, the particle velocity
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jumped from (u̇sy)0 = −1.603 m/s to (u̇sx)f = 0.498 m/s in the course of 2.52 µs, corresponding to

δu̇sx = 2.101 m/s and an average acceleration of üs1 = 0.8× 106 m/s2. An experimental estimate of

βmeass = |δu̇sx|/δu̇sy| = 1.354 is thus obtained for the ratio between the FP and FN jumps along the

shear Mach front. The measured value for βs may be compared to the theoretically predicted value

given by

βs =
|δu̇sx|
|δu̇sy|

=
√
V 2
r /C

2
s − 1 (4.4)

assuming that the normalized supershear rupture speed is known. In the current experiment, the

normalized rupture speed was estimated at Vr/Cs = 1.69 m/s ± 0.02 m/s through a detailed

analysis of the high-speed photoelastic image frames. The normalized rupture speed in this instance

translates to a predicted value βs = 1.362 ± 0.025. The value βmeass = 1.354 obtained from the

particle velocity records is found to be in excellent agreement with the theoretical and lies well

within the range of estimated measurement uncertainty. The “error” in this case is 0.64% assuming

that the normalized rupture speed value is precisely known.

The supershear experiment (exp09-039) presented here is representative of a series of supershear

experiments exhibiting a broad range of rupture speeds that were analyzed in a similar manner.

Estimates for βs obtained from each of these experiments are plotted against the corresponding

normalized rupture speed in Figure 4.33. The individual data points are color coded according to

the FN distance of the measurement station in the experiment. The red curve represents βs =

√
V 2
r /C

2
s − 1. Eight out of the ten supershear experiments yielded a value for βmeass that was

found to be within 3.44% of the theoretically predicted value. This includes (exp09-039), which was

within 0.64% of the theoretical curve. The error estimate naturally assumes that the rupture speed

is precisely known. There are two noted “outliers”, in the plot which were within 9% and 15.6%

of the theoretical curve. Recall that the latter value corresponds to the measurement obtained

from the supershear experiment analyzed in Section 4.2.2. In both cases the rupture speed was

confidently estimated as it was for the other eight experiments. The noted difference between

these experiments and the remaining eight was the noted presence of the near-field disturbance, as

discussed in Section 4.2.2, which was strongly superimposed upon the measurement. Recall that the
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Figure 4.33: Measurements of βs determined from supershear experiments plotted versus the nor-
malized rupture speed. Excellent agreement between theory and experiment is demonstrated across a
broad range of supershear rupture speeds, which nearly span the entire stable rupture speed regime.

speed of the advancing near-field front was measured and shown to propagate at the dilatational

wave speed. The common trend between the other eight “known good” experiments is that they all

transitioned relatively early and thus arrived at the measurement well before the peak in the near-

field disturbance reached the measurement station. This appears to be the only scenario whereby

reliable measurements of this type can be conducted given the current state of the rupture nucleation

scheme. Bearing all of these points and observations in mind, the experimental results summarized

by the plot in Figure 4.33 represent excellent agreement between theory and measurement. The

results demonstrate that the ratio between the magnitudes of the FP and FN components along

the shear Mach front is preserved out to a considerable distance from the fault (note the data point

obtained at y = 20 mm). Results also validate the theoretical prediction for the ratio given by

βs = |δu̇sx|/δu̇sy| =
√
V 2
r /C

2
s − 1 across a broad range of normalized rupture speeds, which nearly

encompass the entire stable supershear rupture speed regime.
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4.6 Examination of the partitioning relationship between the

motion recorded at the fault and the motion propagated

by a shear Mach front into the surrounding medium.

A series of supershear experiments were conducted using the (FP1,FP2) laser interferometer probe

configuration depicted in Figure 4.34. Off-fault particle velocity records were obtained at various

distances from the fault as a supershear rupture and its surrounding field swept the on- and off-fault

measurement stations. The magnitude of the off-fault velocity jump carried by the shear Mach front

was successfully measured in the experiments. Corresponding on-fault velocity jumps were also

obtained in the same experiments. The ratio of the measured velocity jumps was then compared to

the theoretical value predicted by

u̇sx(zs)
u̇x(x, 0+)

=
β2
s − 1
β2
s + 1

(4.5)

based upon an independent measurement of the rupture speed, which was obtained from high-speed

photoelastic images.

All tests in this series were conducted using traditional 6′′× 6′′× 0.375′′ H-100 specimens, which

featured a fault angle of α = −29◦. A synchronized, photoelastic image sequence of the event was

also obtained using high-speed photography. The precise location of the supershear rupture tip,

leading dilatational field lobe, and shear Mach fronts were all precisely identified in the high-speed

image frames and directly correlated to the observed velocity swings exhibited by each particle

velocity record.

The key to this particular series of experiments is the natural separation, which occurs between

the leading dilatational field lobe and the shear Mach front at observation points located away from

the specimen fault. Recall that the same principle was leveraged in order to investigate the ratio

between the FP and FN velocity swings (u̇sx and u̇sy) along the shear Mach front (Section 4.5). The

natural separation of the two fields with increased FN distance is demonstrated in Figure 4.35. The

figure depicts a set of five FP records, obtained at various distances from the fault during separate
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Figure 4.34: Laboratory earthquake experiment featuring the (FP1,FP2) laser interferometer probe
beam configuration for the simultaneous measurement of fault-parallel particle velocity components on
the fault and away from the fault

super shear experiments. The experiments exhibited different stress drops, supershear transition

distances, and rupture speeds and so the stacked plots are not equivalent to having five simultaneous

FP measurements from the same experiment. Nevertheless, the results clearly demonstrate the

increased separation between the leading dilatational field lobe and the shear Mach front with

increased FN distance. The lowest panel in Figure 4.35 corresponds to supershear experiment (exp

09-013), which featured the simultaneous measurement of FP and FN particle velocity records at

at an on-fault station located at (−40, 0+) mm. The coordinate description implies the laser beams

were focused, slightly above the fault (within 100 − 200 µm of the fault). A sharp velocity jump

near t = 30 µs resulted from the superimposed combination of the leading dilatational field and the

supershear rupture front. An expanded view of the curve along with a comparison to the high-speed

image sequence reveals that the leading portion of the dilatational field lobe arrived t = 28.0 µs and

was quickly followed by the arrival of the supershear rupture at t = 29.5 µs. Although not resolvable

at this scale, there is a notable difference in the slopes of the records corresponding to the time at
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Figure 4.35: Series of FP particle velocity records obtained in five separate supershear experiments
showing the progressive separation between the leading dilatational field lobe and the shear Mach front
with increased FN distance

which the leading portion of the dilatational field swept the station and the portion of the curve

dominated by the arrival of the shear Mach front. These features are examined in great detail in

Section ?? when the same record is presented again in order to demonstrate a new type of dynamic

stress measurement. Finally, note the second peak in the record at t = 44.6 µs, which corresponds

to the peak sliding speed of the trailing Rayleigh rupture, which arrived at t = 40.4 µs.

The FP record presented in the second panel from the bottom corresponds to the supershear

experiment (exp 09-039), which was analyzed in the previous section and used to examine the

predicted relationship between the FP and FN velocity jumps (βs = δu̇sx/δu̇
s
y) along the shear

Mach front. The particle velocity trace demonstrates that there is already a considerable separation

between the two fields at y = 5 mm, which enables a reliable estimate of u̇sx and u̇sy along the shear

Mach front.
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Figure 4.36: Photoelastic image frames capture the supershear rupture at two different times in
the experiment as the rupture tip and shear Mach front were about to cross the on- and off-fault
measurement stations at (−55, 0+) mm and (−55, 16) mm. Mach angle measurements yield an estimate
of Vr/Cs = 1.67 for the normalized rupture speed.

The third FP record corresponding to supershear experiment (exp 09-047), which was conducted

at y = 10 mm was also previously examined in Section 4.2.1 through a frame-by-frame comparison

with a sub-Rayleigh rupture experiment.

The fourth FP record corresponding to (exp 09-048) was also used in the investigation presented

in the previous section and corresponds to the data point marked by the green symbol positioned

at (1.583, 1.226) in Figure 4.33.

The fifth and final record corresponding to supershear experiment (exp 09-062) was conducted

using the (FP1,FP2) arrangement with a remote off-fault station positioned at (−55, 24) mm. This

results of this experiment are presented in the next section. The obvious and most striking feature of

the curves in Figure 4.35 is the sustained amplitude of the FP velocity jump carried by the shear Mach

front with increased FN distance even as far away as y = 24 mm, which represents a considerable

distance in a laboratory earthquake experiment. Note as well the pronounced broadening and

eventual decay of the leading dilatational field lobe in comparison to the sharp rise time sustained

by the shear Mach front.

The curves presented in Figure 4.35 are representative of a set of experiments that were conducted

using the (FP1,FP2) laser interferometer configuration. The plots were chosen simply to demonstrate
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Figure 4.37: FP particle velocity records obtained the on- and off-fault measurement stations located
at (−55, 0+) mm and (−55, 16) mm during supershear experiment (exp 09-060)

the separation of the fields with increased FN distance regardless of the fact that some of them were

obtained from a different series of experiments, which involved the (FN,FP) arrangement as described

in Section 4.2.1.

4.6.1 Results, analysis, and interpretation of particle velocity records and

photoelastic images

The results from three supershear experiments are presented, which are representative of a broader

group of similar experiments that were conducted using the paired FP measurement configuration

depicted in Figure 4.34.

The photoelastic image frames in Figure 4.36 correspond to a supershear experiment (exp 09-

060). The images capture the supershear rupture at two different times in the experiment as the

rupture tip and shear Mach front were about to cross the on- and off-fault measurement stations.

The red lines highlight the optical paths of the two laser interferometer probe beams that were
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Figure 4.38: Photoelastic image frames capture the supershear rupture at two different times in
the experiment as the rupture tip and shear Mach front were about to cross the on- and off-fault
measurement stations at (−55, 0+) mm and (−55, 24) mm. Mach angle measurements yield an estimate
of Vr/Cs = 1.85 for the normalized rupture speed.

used to monitor the FP particle velocity component at each measurement station. The supershear

rupture tip in Figure 4.36 is shown approaching the on-fault measurement station at (−55, 0) mm

in the t = 37 µs image frame, while the shear Mach front on the extensional side of the fault in the

t = 45 µs image frame as it about to cross the measurement station at (−55, 16) mm. The images

reveal extraordinarily sharp and straight shear Mach fronts, which are inclined at virtually identical

angles as measured with respect to the fault. Note as well the sharp outline of the expanding S-wave

front and the field lobes of the trailing Rayleigh rupture positioned in the wake of the supershear

rupture. The measured Mach angles between the two frames indicate the rupture exhibited a very

steady speed during this time. The normalized rupture speed of Vr/Cs = 1.67 also establishes that

the rupture was propagating within the stable rupture speed regime (
√

2Cs < Vr < Cp).

Figure 4.37 displays the on-fault particle velocity record obtained at (−55, 0+) in the lower panel

and the off-fault particle velocity record obtained at (−55, 16) mm in the upper panel. The red and

green vertical lines labeled tp and ts represent the anticipated arrival times of the S- and P-waves at

the measurement stations. The vertical blue line labeled tR corresponds to the arrival time of the

trailing Rayleigh rupture. The noted velocity jumps labeled δu̇+
x and δu̇sx in Figure 4.36 correspond

to

δu̇+
x = u̇maxx (−55, 0+)− u̇minx (−55, 0+) = 2.395 m/s (4.6)
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δu̇sx = [u̇sx(−55, 16)]max − [u̇sx(−55, 16)]min = 0.759 m/s (4.7)

The measured values for the on-fault and off-fault velocity jumps yield a value for the measured

ratio of δu̇sx/δu̇
+
x = 0.317. Application of Eq. 4.5 using the normalized rupture speed estimate of

Vr/Cs = 1.67 predicts a ratio of δu̇sx/δu̇
+
x = 0.283. The measured value in this example is found to

be 12.0% higher than the predicted value.

The photoelastic image frames in Figure 4.38 correspond to a 2nd supershear experiment (exp 09-

062). The high-speed images capture the supershear rupture at two different times in the experiment

as the rupture tip and shear Mach front approached the on- and off-fault measurement stations at

(−55, 0+) mm and (−55, 24) mm. The red lines once again highlight the optical paths of the two

laser interferometer probe beams that were used to monitor the FP particle velocity component at

each measurement station. The supershear rupture tip is shown arriving at the on-fault measurement

station at (−55, 0) mm in the t = 33 µs image frame, while the shear Mach front on the extensional

side of the fault is still clearly several millimeters shy of the measurement station at (−55, 24) mm.

The images also reveal shear Mach fronts defined by sharp cusps in the fringe pattern, which were

used to measure the Mach angle (Section 3.11.3). The measured Mach angles yield an average

normalized rupture speed of Vr/Cs = 1.85. Note as well the secondary internal Mach fronts, which

are clearly visible in the second image frame. These are believed to arise as a consequence of the

finite specimen thickness as discussed in Section 3.10 and their arrival at the station correlates with

the observed sharp secondary peaks in the on-fault particle velocity record.

Figure 4.39 displays the on-fault particle velocity record obtained at (−55, 0+) in the lower panel

and the off-fault particle velocity record obtained at (−55, 24) mm in the upper panel. The red and

green vertical lines labeled tp and ts represent the anticipated arrival times of the S- and P-waves at

the measurement stations. The vertical blue line labeled tR corresponds to the arrival time of the

trailing Rayleigh rupture. The velocity jumps labeled δu̇+
x and δu̇sx in Figure 4.41 correspond to

δu̇+
x = u̇max1 (−55, 0+)− u̇minx (−55, 0+) = 6.998 m/s (4.8)
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Figure 4.39: FP particle velocity records obtained the on- and off-fault measurement stations located
at (−55, 0+) mm and (−55, 24) mm during supershear experiment (exp 09-062).

δu̇sx = [u̇sx(−55, 24)]max − [u̇sx(−55, 24)]min = 2.898 m/s (4.9)

The measured values for the on-fault and off-fault velocity yield δu̇sx/δu̇
+
x = 0.414. Application of Eq.

4.5 using a normalized rupture speed estimate of Vr/Cs = 1.85 predicts a ratio of δu̇sx/δu̇
+
x = 0.416.

The measured value in this example is found to be 0.36% higher than the predicted value.

The photoelastic image frames in Figure 4.41 correspond to a slightly different configuration

whereby the measurement stations were oriented along a line lying perpendicular to the anticipated

normal to the shear Mach fronts (Section 3.14.2). The image frames capture the supershear rupture

at two different times in the experiment as the rupture tip and shear Mach front approached the

on- and off-fault measurement stations at (−55, 0+) mm and (−62, 10) mm. The station positions

appear to be well aligned with the normal to the shear Mach front. The red lines highlight the

optical paths of the two laser interferometer probe beams that were used to monitor the FP particle

velocity component at each measurement station. The dilatational field lobe has already crossed the

on-fault station at (−55, 0) mm in the t = 37 µs image frame, while the shear Mach front on the
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Figure 4.40: FP particle velocity records obtained the on- and off-fault measurement stations located
at (−55, 0+) mm and (−62, 10) mm during supershear experiment (exp 09-079). Measurement stations
were positioned along a line, which was very nearly aligned with the normal to the shear Mach front.

extensional side of the fault is captured just as it arrives at the measurement station positioned at

(−62, 10) mm. The measured Mach angles in both frames were nearly identical and correspond to a

normalized rupture speed of Vr/Cs = 1.81. Note the internal secondary Mach front, which is visible

in the t = 45 µs image frame. The arrival of the secondary Mach front at (−55, 0) mm correlates

with the sharp secondary peak seen in the on-fault particle velocity record.

Figure 4.39 displays the on-fault particle velocity records obtained at (−55, 0+) in the lower panel

and the off-fault particle velocity record obtained at (−62, 10) mm in the upper panel. The red and

green vertical lines labeled tp and ts represent the anticipated arrival times of the S- and P-waves at

the measurement stations. The vertical blue line labeled tR corresponds to the arrival time of the

trailing Rayleigh rupture. The velocity jumps labeled δu̇+
x and δu̇sx in Figure 4.41 correspond to

δu̇+
x = u̇maxx (−55, 0+)− u̇minx (−55, 0+) = 5.670 m/s (4.10)
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Figure 4.41: Photoelastic image frames capture the supershear rupture at two different times in
the experiment as the rupture tip and shear Mach front were about to cross the on- and off-fault
measurement stations at (−55, 0+) mm and (−62, 10) mm. Mach angle measurements yield an estimate
of Vr/Cs = 1.81 for the normalized rupture speed.

δu̇sx = [u̇sx(−62, 10)]max − [u̇sx(−62, 10)]min = 2.396 m/s (4.11)

The measured values for the on-fault and off-fault particle velocities yield δu̇sx/δu̇
+
x = 0.423. Ap-

plication of Eq. 4.5 using a normalized rupture speed estimate of Vr/Cs = 1.85 predicts a ratio of

δu̇sx/δu̇
+
x = 0.390. The measured value in this example is found to be 8.5% higher than the predicted

value.

Figure 4.42 summarizes the results obtained from 11 supershear experimental records including

the three records, which have been presented in detail. The blue curve corresponds to theoretical

partitioning ratio between the FP record measured at the fault and the FP component along the

shear Mach front. The curve spans from a value of zero at Vr/Cs =
√

2, to a maximum value of 0.5

at a normalized wave speed of Vr/Cs = 2. The inset in the figure is a reminder of the measurements

that were conducted in order to obtain the colored data points, which populate the plot. Nine of

the data points were collected using two measurement stations that were aligned normal to the fault

while the remaining three tests were conducted using a pair of stations that were aligned along a line

lying normal to the advancing shear Mach front. The data points are seen to span across a broad

range of rupture speeds, which nearly span the entire stable rupture speed regime. A very reasonable

match is seen between the measured ratios and the theoretical partitioning curve. Note as well the
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Figure 4.42: Plot of the ratio u̇s
x/u̇x(x, 0+) obtained from 11 supershear experimental records poltted

against the normalized wave speed Vr/Cs. Results compare quite favorably with theoretical partitioning
relationship corresponding to the blue curve.

span of FN distances over which the tests were conducted and how the results are independent

of the FN distance. The results demonstrate the partitioning of the on-fault FP particle velocity

component onto the shear Mach front and the manner through which the slip function is carried

deep into the surrounding medium by the shear Mach front.
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Chapter 5

Scaling Relationships between
Laboratory Earthquake
Measurements and Real-Earth
Ground Motion Records

5.1 The November 3, 2002 (Mw7.9) Denali, AK earthquake

The 2002 (Mw7.9) Denali fault earthquake was the largest strike-slip rupture to take place on the

North American continent in over 150 years and was rivaled in magnitude only by the 1906 (Mw7.8)

San Francisco earthquake and the 1857 (Mw7.9) Fort Tejon earthquake. Its total rupture length of

334 km, average slip of 4.9 m, and maximum slip of 8.8 m, rank it amongst the largest shallow-crust

earthquakes recorded anywhere in the world throughout the past two centuries (Haeussler et al.,

2004). Due in large measure to its remote location within south- central Alaska, there was very little

damage to modern infrastructure and fortunately no loss of human life. Field evidence and ground

motion data from this event have, however, provided seismologists with a rare and extraordinary

opportunity to study a large, shallow crust, strike-slip earthquake, which is in many ways an analogue

to the earthquakes which are known to occur along the San Andreas fault (Haeussler et al., 2004).

The Denali and Totschunda faults, depicted in Figure 5.1, are the principal elements in an

intracontinental right-lateral strike-slip fault system that curves across Alaska and western Canada

and passes through the Alaska Range (Haeussler et al., 2004). Collision of the Yakutat block with
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Figure 5.1: Denali fault image montage: (a) Susitna Galcier, Denali, and Totschunda fault systems,
(b) strike-slip fault segment extending from epicenter to Pump Station 10 located along the Alaska
pipeline, (c) closeup view of central Denali fault and Pump Station 10, (d) Denali strike-slip segment
and branch onto Totschunda fault (images obtained using Google earth Pro)

the North American plate, as depicted in Figure 5.2, is believed to be the driving force of the

movements along the Denali fault system (Eberhart-Phillips et al., 2003). The collision is driven

by northwest-dipping subduction at nearly 5 m per century along the Aleutian megathrust (Hansen

and Ratchkovski, 2004).

The Denali earthquake occurred at 22:12:41 (UTC) on 3 November 2002, with the hypocenter

located at a depth of 4.2 km at 63.514 N , 147.453 W (Martirosyan et al., 2004). The rupture began

along a 40 km-long segment of the previously unknown Susitna Glacier thrust fault (Figure 5.1b).

Thrusting on the Susitna Glacier fault raised the north side relative to the south (Haeussler et al.,

2004). The resulting scarp heights were typically 1− 3 m, with a maximum of 4.3 m (Craw et al.,

2003). The rupture then transferred to the Denali strike-slip fault system and propagated 218 km
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Eberhart-Phillips et al.,  Science 2003

Figure 5.2: From Eberhart-Phillips et al., 2003: Plate tectonic setting of southern Alaska and major
tectonic elements. The Pacific and North American plates converge at 5.4 cm/year beneath Anchorage,
and the Yakutat block collides with North America independently. Plate motion is indicated by green
arrows. Blue open arrows schematically show lateral movement of broad region south of the Denali
fault.

from west to east along the central Denali fault. Post-earthquake surveys revealed an average right-

lateral offset of approximately 5 m and a maximum offset of 8.8 m near the eastern end of the fault,

approximately 190 km from the epicenter. The rupture eventually branched off of the Denali fault

and stepped over onto the Totschunda fault (Figure 5.1c) where it propagated for an additional 76

km with an average slip of 3m before finally arresting (Haeussler et al., 2004).

The central Denali fault ruptured beneath the Trans-Alaska pipeline (TAP), which is located

approximately 85 km east of the earthquake epicenter. Post-earthquake surveys indicated that

up to 5.8 m of right-lateral slip was experienced across the TAP fault zone. The resulting fault
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displacement tested the limits of a compliant pipeline support structure, which was designed to

accommodate up to 6.1 m of lateral displacement and 1.5 m of vertical slip (Honegger et al., 2004).

The pipeline support structure withstood the large fault zone displacement and prevented oil from

being spilled into the surrounding environment. The success of the TAP support structure at the

Denali fault zone crossing represents a major engineering triumph and is a credit to Woodward-

Lundgren Associates (1974) who successfully estimated the magnitude of slip in a future Denali

fault rupture (Haeussler et al., 2004).

The second major significance of the TAP Denali fault crossing involves a set of “celebrated”

near-source ground motion records obtained at Pump Station 10 (PS10), positioned at 63.424 N ,

145.763 W along the TAP and located just 3 km north of the fault. The accelerometer recording

station at PS10 is part of the accelerograph network operated by the Alyeska Pipeline Service

Company. (Ellsworth et al., 2004) conducted a thorough analysis and calibration of the PS10

instrumentation and re-processed the signals in order to recover the long-period (> 10 s) ground

motions. A set of instrument-corrected acceleration, velocity, and displacement time records were

obtained and properly rotated into the fault-normal (FN) and parallel (FP) directions. The FP, FN,

and vertical (UP) velocity records are depicted in Figure 5.3a and represented by the thicker (gray)

curves within each respective panel.

Forward modeling of the instrument-corrected ground motion records lead (Ellsworth et al.,

2004) to conclude that a supershear burst occurred along a 38 km segment of the fault, which

was nearly centered about PS10. The ground motion records were best matched by the model if

a normalized rupture speed of Vr/Cs = 1.5 (i.e., about 5.3 km/s at 5 km depth) was assumed

across the supershear segment. The model predicted a normalized sub-Rayleigh rupture speed of

Vr/Cs = 0.66 over a 67 km stretch between the epicenter and the point of supershear transition. The

model estimated a normalized rupture speed jumped to Vr/Cs = 1.5 within the supershear interval

followed by a decrease to a normalized sub-Rayleigh rupture speed of Vr/Cs = 0.85 for points

beyond the terminus of the supershear interval (i.e., distances > 20 km east of PS10). Synthetic

ground motion predictions are depicted by the thinner (black) curves in Figure 5.3a. The curves do
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Figure 5.3: (a) From (Ellsworth et al., 2004): comparison of fault-parallel (top), fault-normal (middle)
and vertical (bottom), PS10 data (gray) and synthetic (black) ground velocity predictions (b) From
(Dunham and Archuleta, 2004)l: Comparison between recorded and synthetic ground motions at PS10
for dynamic model featuring slip weakening with healing feature, and slip to 10 km depth

a reasonable job in capturing the general profile of the leading portions of the FP, FN, and vertical

(UP) records although the synthetic vertical curves tend to over-predict the peak vertical ground

velocity. Time in these plots is measured relative to the origin time of the earthquake. The biggest

shortcoming of the model was its inability to capture the prominent secondary pulses in the FN

ground motion record, which are circled in Figure 5.3a. Nevertheless, the careful processing of the

instrument-corrected PS10 data and the interpretation of these remarkable ground motion records

represents a major seismological finding and the most direct evidence ever gathered for the existence

of a supershear earthquake rupture.

(Dunham and Archuleta, 2004) noted specific features in the PS10 ground motion records, which

he recognized as characteristic ground motion signatures of a supershear rupture. The first feature

of note involves the FP velocity pulse (labeled A in the figure) which is approximately 1.5× greater
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in magnitude than the corresponding FN velocity pulse (labeled B). The second unique feature

corresponds to the set of pronounced velocity swings between points labeled C and D in the FN

record, which (Ellsworth et al., 2004) was unable to replicate using his simple model. (Dunham

and Archuleta, 2004) reasoned that the secondary pulses in the FN record resulted from rupture

acceleration during the supershear transition and the release of Rayleigh waves during this phase

that combine to produce a secondary slip-pulse, which trails the primary supershear rupture. A

spontaneous dynamic rupture propagation model was developed which incorporated a slip weakening

friction law with a built-in healing mechanism (Nielsen et al., 2000). The black curves in Figure

5.3b, reproduced here from (Dunham and Archuleta, 2004), represent the filtered Pump Station 10

ground motion records, while the superimposed red curves correspond to synthetic ground motion

predictions from the dynamic rupture model. Note that time in Figure 5.3b is now measured

relative to arrival of the first P-waves at PS10. The synthetic ground motion predictions match up

well with the leading portions of the FP and FN PS10 ground motion records. The dynamic model

also successfully predicted the emergence of the secondary slip-pulse as manifested by the velocity

swings in synthetic FN curve, which mimic the velocity swings between the points labeled C and

D in the PS10 FN record. Note as well how this same feature is also revealed by the leading and

trailing slip velocity color contour plots in Figure 5.3b. Emphasis was placed on matching the width

of the supershear rupture pulses (labeled A and B) at the expense of truncating the width of the

trailing secondary slip-pulse. The fact that the synthetic curves fail to match up as well with trailing

portion in the FN record was attributed to complex frictional faulting mechanisms not captured by

the assumed frictional law (Dunham and Archuleta, 2004).

Motivated by the success of the dynamic simulations and the physically based interpretation of

the secondary slip-pulse, an attempt was made to replicate the PS10 scenario using the laboratory

earthquake arrangement. Experiments were conducted using the new 3D specimen fault geometry

(Section 3.9), which offers control of the supershear transition distance x = LT . The new specimen

design also promotes healing of the rupture signal through a stopping phase produced by the locked

boundary where the width of the frictional fault is suddenly reduced.
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PS10 ground motion was mimicked by particle velocity records obtained at a pre-defined (scaled)

location on the compressional side of the fault, as a supershear rupture swept past the measurement

station from left to right (west-to-east). Both sub-Rayleigh and supershear laboratory earthquake

experiments were conducted using the “Denali PS10” experimental configuration in order to com-

pare and contrast the resulting particle velocity signatures. The measurement station coordinates

(57, 3) mm were selected a priori through scaling relationships, which are derived and rationalized

in the following section. The resulting supershear particle velocity records from the experiment were

then scaled through six orders of magnitude from microseconds to seconds in order to appropriately

contrast the experimental results with the Denali PS10 ground motion records. Additional details

of the experiments and experimental parameters used in the scaling analysis are provided in Section

3.9 following the discussion on scaling.

5.2 Development of a scaling relationship

Consider the geometry shown in Figure 5.4, which depicts a fault where sub-Rayleigh rupture nu-

cleates at the origin and transitions to a supershear rupture at x = LT . The measurement station

is located at (x, y). Let Vr(x) represent the rupture velocity history along the fault. The time taken

for the rupture to arrive at (x, 0) is then given by

tSS =
∫ LT

0

dx

Vr(x)
+
∫ x

LT

dx

Vr(x)
. (5.1)

Note that integral is expressed in the above form in order to separate the sub-Rayleigh and the

supershear rupture portions of the rupture velocity history.

By the time the rupture arrives at (x, 0) it is has already transitioned to supershear rupture and

is assumed to have a well-developed shear Mach front, as indicated in Figure 5.4, which advances at

the S-wave speed along a direction normal to itself (Figure 5.4). The time taken for the shear Mach

front to reach the measurement station at (x, y) is given by y cos θ/Cs where sin θ = Cs/Vr. Hence,
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Figure 5.4: Laboratory earthquake scaling geometry

the time taken for the main rupture information to reach the measurement station is given by

tSS =
∫ LT

0

dx

Vr(x)
+
∫ x

LT

dx

Vr(x)
+
y cos θ
Cs

. (5.2)

Next, consider the time taken for the trailing sub-Rayleigh rupture (pulse) to arrive at the

measurement station. The analysis assumes that the rupture propagates with a rupture speed Vr(x)

from the nucleation site (0, 0) up until the supershear transition location at x = L, after which it

propagates exactly at the Rayleigh wave speed Vr = CR. It is also assumed that the measurement

station is positioned relatively close to the fault such that when the trailing sub-Rayleigh rupture

arrives at (x, 0), its vertically extended field lobes simultaneously sweep the off-fault station at (x, y).

Thus,

tR =
∫ LT

0

dx

Vr(x)
+
∫ x

LT

dx

CR
(5.3)

The difference in the arrival times at the measurement (x,y) between the shear Mach front and

the extended field lobe of the trailing sub-Rayleigh pulse, (∆tSS−TR), is therefore given by

∆tSS−TR =
x− LT
CR

−
∫ x

LT

dx

Vr(x)
− y

Cs

√
1− C2

s

V 2
r

. (5.4)

Assuming that Vr(x) is constant between the supershear transition location at (LT , 0) and its arrival

at the on-fault position (x, 0) then leads to,

x = LT + Cs∆tSS−TR + y

√
1− C2

s

V 2
r

(
Cs
CR
− Cs
Vr

)−1

. (5.5)
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Figure 5.5: Locus of stations with the same ∆tSS−TR, assuming a fixed transition length and rupture
velocity

It becomes convenient at this point in the derivation to define the following quantities,

tanβ =
(
Cs
CR
− Cs
Vr

)
; sin θ =

Cs
Vr

; L∗ = (LT + Cs∆tSS−TR) tanβ . (5.6)

Solving for y from the Eq. 5.5 then yields,

y = x tanβ − L∗ (5.7)

The relationship represents a unique locus of points given by a straight line inclined at an angle β,

which intersects the fault at LT + Cs∆tSS−TR, over which the time difference given by Eq. 5.4 is

preserved. (See Figure 5.5).

Geometric scaling is imposed in order to constrain the solution given by Eq. 5.7. Although

numerous options may be considered, the geometric aspect ratio beyond the supershear transition

location is retained and used to constrain the scaling relationship, i.e.,

yPS10

(xPS10 − LPS10
T )

=
yexp

(xexp − LexpT )
=

1
6

= SL (one option) (5.8)

Laboratory earthquake records are scaled to the supershear ground motion records acquired at Pump
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Station 10 during the 2002 Mw7.9 Denali earthquake. In the case of Pump Station 10 (PS10),

y = 3 km, x−LT = 18 km (Ellsworth et al., 2004). Substituting the geometric constraint given by

Eq. 5.8 into Eq. 5.7 yields the equivalent coordinates on the surface of the laboratory earthquake

test specimen.

xexp =
L∗,exp − LexpT SL
tanβexp − SL

; yexp = SL(xexp − LexpT ) (5.9)

where L∗,exp = (LexpT + Cexps ∆tSS−TR,exp) tanβexp ; tanβexp =
(
Cexps

CexpR

− Cexps

V expr

)

Strictly speaking, the above expressions determine a geometrically equivalent station, in terms of

the arrival times of the supershear rupture and the trailing Rayleigh rupture, for a medium with

different elastic properties than crustal rock. Note that in order to effectively apply the scaling

relationships to laboratory earthquake data, the transition length, LexpT , and the difference in the

arrival times between the two ruptures, ∆tSS−TR,exp, must be known in advance.

Recent experimental advancements using a 3D specimen fault geometry (Section 3.9) ensure that

the supershear transition length is very well controlled and can be predicted with a high-degree of

confidence. In order to determine ∆tSS−TR,exp, the following temporal scaling argument is invoked.

The temporal scale is established by the ratio of the temporal width of the trailing Rayleigh portion

of the laboratory (FN) record and temporal width of the trailing Rayleigh portion of the actual

PS10 (FN) ground motion record. The temporal scaling factor can then be used to stretch one

trailing Rayleigh signature onto the other and vice versa. This approach requires confidence in

the repeatability of the temporal width of the trailing Rayleigh rupture, tTR,exp, obtained in the

experiments. The temporal width of the trailing Rayleigh rupture is found to be quite repeatable

assuming specimen preparation procedures and all critical test conditions remain unchanged. Recent

experiments using the 3D specimen fault geometry have yielded a temporal width for the trailing

Rayleigh portion of the FN record given by 17.8 µs. The corresponding temporal width of the

trailing Rayleigh portion of the (FN) Denali PS10 record, tTR,PS10 is 6.88 s. The temporal scaling
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factor, ST , is therefore determined to be

ST =
tTR,PS10

tTR,exp
=

6.88 s
17.8 µs

= 3.865× 105 (5.10)

The temporal scaling factor may then be used to determine the delay time ∆tSS−TR,exp based

on the corresponding value for PS10, which is estimated to be 4 s from the actual ground records.

Thus,

∆tSS−TR,exp =
∆tSS−TR,PS10

ST
=

4 s
3.865× 105

= 10.3 µs (5.11)

Substituting these values into Eq. 5.9 along with LexpT = 45 mm, Cexps = 1.3 km/s, CexpR =

0.9Cexps and V expr = 1.7Cs, one obtains xexp ≈ 57 mm and yexp ≈ 3 mm. Note that the parameters

for LT , Cs, CR, and Vr are all determined from experimental trials prior to the converging on the

final experiment, which is then scaled.

Once the experimental records are obtained they are then subjected to temporal scaling using

the relation, tscaled = texp × ST . The spatial scaling and geometric constraint used to design the

experiment automatically ensures that the arrival times of the supershear and trailing sub-Rayleigh

ruptures in the scaled laboratory record will register with the arrival times of the equivalent features

in the actual PS10 ground motion record.

As a final step, the magnitudes are scaled by the peak to peak swing in the trailing Rayleigh

record, which is also justified by the dimensional scaling argument presented in Section 3.14.3.

5.3 Scaled laboratory earthquake simulation of the 2002 Mw7.9

Denali fault, PS10 ground motion recordings

Scaled PS10 laboratory earthquake experiments were conducted using 8′′ × 8′′ × 0.5′′ (nominal

thickness) H-100 specimen assemblies featuring a 3D fault geometry and a specimen fault angle

α = −26◦. Figure 5.6 depicts a close-up view of an actual test specimen shown mounted in the
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Figure 5.6: Close-up view of H-100 specimen prepared with 3D fault geometry used in scaled PS10
laboratory earthquake experiments

specimen frame and ready for testing. The same image is also shown in (Section 3.9), where specific

details of the new 3D specimen fault geometry are addressed. The fault segment to the left of the

nucleation site corresponds to a 25.4 mm × 12.5 mm interface formed by two polished surfaces.

The intent is to inhibit rupture propagation to the left through contact bonding of the flat polished

surfaces of the short fault segment under the applied static compressive load. The 40 mm roughened-

fault-segment to the right of the polished section is referred to as the nucleation patch. The NiCr

filament channel was milled within 0.5 mm of the boundary between the short polished segment and

the nucleation patch on the roughened side of the boundary. The NiCr wire is shown temporarily

held in place by a strip of cellophane tape on either side of the specimen as is customary prior to

loading the specimen in the hydraulic press. The coordinates (LT , 0) = (40, 0) mm correspond to a

point on the surface of the test specimen, at the end of the nucleation patch, where the roughened

portion of the fault is abruptly reduced in width from t = 12.5 mm to w2 = 4.5 mm as depicted

in Figure 5.6. The adjacent polished fault section of width w1 = 8 mm is also expected to adhere

under an applied static compressive load and act as a high-strength barrier, which resists rupture

propagation and triggers a sub-Rayleigh-to-supershear transition. The retro-reflective tape strip

used for the particle velocity measurements was positioned with its lower-right corner at the scaled

PS10 location (57, 3) mm, based upon the expectation that a supershear transition will occur close

to x = LT . The results from several experiments conducted in advance were also used to estimate

that a critical load Pc > 30 MPa is required to trigger a supershear rupture at the high-strength
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Figure 5.7: Distance-time plots obtained from the scaled 2002 Mw7.9 Denali, PS10 supershear ex-
periment (exp11-034)

barrier.

The scaled PS10 supershear experiment (exp11-034) was conducted under a static compressive

load of P = 31 MPa. Three laser interferometer probe beams were focused onto the measurement

station at (57, 3) mm in order to simultaneously monitor the FP, FN, and vertical (V) particle

velocity components at this location (Section 3.14). Synchronized, high-speed photoelastic images

were simultaneously acquired in order to obtained a spatially resolved, full field view of the dynamic

event.

5.3.1 Distance-time plots resulting from the scaled PS10 experiment

The distance-time plots obtained from the scaled PS10 supershear experiment (exp11-034) are

depicted in Figure 5.7. The elastic wave speed plots yielded a P-wave speed estimate of Cp =

2.58 mm/µs and an S-wave speed estimate of Cs = 1.28 mm/µs. S-wave and P-wave delays of

5.4 µs and 5.5 µs, respectively, were obtained from time axis intercepts. Note that the elastic wave
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speed values are exactly as expected but the delay appears longer than the statistically averaged

value given by tdelays = 4.45 µs. The blue curve in Figure 5.7 correponds to the sub-Rayleigh rupture

distance-time curve. The slope of the best-fit line yields an average rupture speed of Vr = 1.13 m/s

corresponding to a normalized rupture speed of Vr/Cs = 0.88. The equation of the best-fit line

yields an estimated station crossing time of t = 58.5 µs and a rupture delay time of trupdelay = 8.07 µs

corresponding to its time axis intercept. The supershear rupture displacement-time curve is also

displayed in Figure 5.7. The data points correspond to estimated positions of the tip of the leading

shear Mach cone in each image frame. The slope of the best-fit line reveals an average rupture

speed Vr = 2.19 mm/µs corresponding to a normalized rupture speed given by Vr/Cs = 1.71. The

location and time of the supershear transition were estimated by considering the intersection be-

tween the supershear and S-wave displacement-time curves. The intercept yields a transition time

of t∗ = 41.1 µs and a transition distance LT = 45.6 mm. The equation of the line also reveals that

the supershear rupture tip arrived at x = 57 mm at tss = 46.3 µs. An estimate of tMF = 48.3 µs

is obtained for the shear Mach front station-crossing-time at (57, 3) mm by considering the Mach

angle of θ = 35.77◦ resulting from the normalized rupture speed Vr/Cs = 1.71. The measured value

∆tSS−TR,expmeas = 58.5 µs − 48.3 µs = 10.2 µs is found to be within 0.1 µs of the scaled value for

∆tSS−TR,exp as given by Eq. 5.11.

5.3.2 High-speed photoelastic image sequence obtained during scaled su-

pershear PS10 experiment

The photoelastic image sequence in Figure 5.8 provides a spatially-resolved, frame-by-frame view of

the scaled PS10 supershear experiment (exp11-034). An expanded view of Figure 5.8a, obtained at

t = 39 µs, reveals a small caustic zone corresponding to a unilateral sub-Rayleigh rupture, which

propagated to the right. The dark, circular caustic zone at (40, 0) mm corresponds to the stress

concentration at the boundary between the roughened and polished (locked) fault segments. The

long cylindrical shadow seen in each of the image frames was produced by the side exit probe, which

was used to direct the vertical (V) laser interferometer probe beam to the measurement station at
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Figure 5.8: High-speed photoelastic image sequence of the sub-Rayleigh-to-supershear transition
acquired during the scaled 2002 Mw7.9 Denali, PS10 laboratory earthquake experiment

(57, 3) mm.

Figure 5.8b depicts the sub-Rayleigh rupture as it encountered the boundary of the locked fault

segment. The increased diameter of the caustic zone at (40, 0) mm reveals a stress build-up which

occurred as the advancing sub-Rayleigh rupture field was superimposed upon the pre-existing static

stress field at the boundary of the locked fault segment. A supershear transition was triggered by
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the locked fault segment, which acted as a high-strength barrier, or, alternatively, as a patch of

higher pre-stress (Dunham et al., 2003; Liu and Lapusta, 2008). Close examination of Figure 5.8b,

also reveals the faint trace of a shear Mach front (between the tips of the two yellow arrows) and

the onset of a supershear transition. The faint tip of the emerging supershear rupture coincides

with the extended circular arc of the expanding S-wave front. The image frame time (t∗ = 41 µs)

thus provides a direct estimate of the supershear transition, which is in excellent agreement with

the earlier estimate of t∗ = 41.1 µs obtained from the intersection of the supershear rupture and

S-wave front distance-time plots (Figure 5.7).

Well-formed shear Mach fronts are clearly visible in Figures 5.8c (t = 43 µs) and 5.8d (t = 45 µs).

Note how the shear Mach fronts are mainly confined within the interior region bounded by the

expanding S-wave front. This suggests that the supershear rupture emerged following a build-up of

local stress over a finite period of time during which the S-wave front continued to expand radially

outward. The observed supershear transition in the scaled PS10 experiment is notably different than

the Burridge-Andrews type transition mechanism discussed in Section 3.12 and depicted in Figure

3.42. The results are best modeled by theoretical and numerical predictions of (Dunham et al., 2003;

Liu and Lapusta, 2008) who considered alternative supershear transition mechanisms triggered by

a high-strength barrier or a patch of higher pre-stress.

An expanded view of Figure 5.9a (t = 49 µs) reveals that the shear Mach front on the compres-

sional side of the fault has just cleared the measurement station. The position of the shear Mach

front with respect to the measurement station at this time correlates with the previously noted

estimate of tMF = 48.3 µs for the shear Mach front station crossing. A pronounced circular caustic

zone, corresponding to the trailing sub-Rayleigh rupture tip, is also clearly visible in the wake of the

supershear rupture.

Figure 5.9b (t = 53 µs) reveals a striking image of a supershear rupture with leading and trailing

shear Mach fronts, which bound the supershear slip zone. The distance between the tips of the

leading and trailing Mach cones is estimated to be 5.7 mm, which translates to a steady-state time

interval of 2.6 µs based upon the measured rupture speed of Vr = 2.19 mm/µs. This observation
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Figure 5.9: Image frame sequence following the superhsear transition captures the supershear rupture
as it crosses the station followed by the emergence of the trailing Rayleigh rupture in the wake of the
leading rupture. The two closely spaced shear Mach fronts define the supershear slip zone.

will be re-addressed shortly when the particle velocity traces for this experiment are examined.

Note the concentrated and elongated fringe pattern that surrounds the trailing Rayleigh (TR)

rupture tip in Figure 5.9b (t = 53 µs) and how different it appears compared to the fringe pattern

surrounding the TR in the previous (t = 49 µs) image frame. This feature is not typically observed

when using the traditional laboratory earthquake specimen fault geometry. The observed differences
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between the local stress fields surrounding the sub-Rayleigh and trailing Rayleigh ruptures on either

side of (40, 0) mm is likely a consequence of the asymmetrical nature of the fault, which is partially

locked at depth. The final two image frames in Figures 5.9c (t = 57 µs) and 5.9d (t = 61 µs) reveal

sharp images of the supershear slip zone between the leading and trailing supershear Mach fronts.

The image frames also capture the TR rupture as its swept across the off-fault station at (57, 3) mm.

5.3.3 Distance-time plots resulting from the scaled sub-Rayleigh PS10

experiment

A second experiment (exp11-036) was conducted at a static compressive load of P = 28MPa (below

the experimentally determined threshold) in order to avoid a supershear transition and generate a

set of sub-Rayleigh particle velocity records that could be contrasted against the results obtained

in the supershear experiment (exp11-034). The test specimen used in the sub-Rayleigh experiment
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featured an identical fault geometry and had its fault surfaces prepared in an identical manner.

The displacement time plots for the scaled sub-Rayleigh PS10 experiment (exp11-036) are de-

picted in Figure 5.10. The elastic wave front displacement-time plots yield a P-wave speed estimate

of Cp = 2.55 mm/µs and an S-wave speed estimate of Cs = 1.27 mm/µs. S-wave and P-wave

delays of 5.3 µs and 5.2 µs, were, respectively, obtained from time axis intercepts. The wave speed

values are well within the range of expected values but once again measured delay time appears

slightly longer than the statistically averaged value given by tdelays = 4.45 µs. The precise nature of

the S and P-wave delay is not well understood but it stands to reason that the increased specimen

thickness and hence the increased length of the NiCr filament length (and hence resistance) may

have contributed to slightly increased delay time. The blue curve in Figure 5.10 corresponds to the

sub-Rayleigh rupture distance-time curve. The slope of the best-fit line yields an average rupture

speed estimate of Vr = 1.14 m/s corresponding to a normalized rupture speed of Vr/Cs = 0.89. The

equation of the best-fit line yields an estimated station crossing time of t = 58.3 µs and a rupture

delay time of trupdelay = 8.27 µs corresponding to its time axis intercept.

5.3.4 Analysis and discussion of particle velocity records obtained from

the scaled PS10 laboratory earthquake experiments

Figure 5.11 displays the particle velocity records obtained from both experiments with the sub-

Rayleigh particle velocity records depicted on the left and the supershear records depicted on the

right. Each set of particle velocity records is accompanied by a photoelastic image acquired at

t = 61 µs. The red lines superimposed upon the high-speed photoelastic images represent the

optical paths of the FN and FP laser interferometer probe beams used in the experiment. The

dark cylindrical feature stemming from the top of each image corresponds to the shadow of the

side exit probe, which directed the vertical beam to the measurement station. Note that the sub-

Rayleigh and trailing Rayleigh ruptures have each already crossed their respective measurement

stations at t = 61 µs. Note as well the general similarities between the local stress field surrounding

the sub-Rayleigh image in the left-hand image and the trailing Rayleigh rupture in the right-hand
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Figure 5.11: Comparison between the sub-Rayleigh and supershear laboratory earthquake experi-
ments conducted using the scaled 2002 Mw7.9 Denali PS10 configuration

image.

The dashed blue vertical lines in the particle velocity plots designate the anticipated arrival times

of the P-wave, S-wave, and respective sub-Rayleigh ruptures in each experiment. The black triangle

on the time axis marks the time at which the photoelastic image above was acquired with respect

to the instrumentation trigger. Note as well that the range of the particle velocity axes varies from

component to component, which required in order to properly reveal the defining features within

each individual record.
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5.3.5 Analysis and discussion of sub-Rayleigh particle velocity records

obtained in (exp11-036)

The sub-Rayleigh particle velocity records obtained from the scaled PS10 configuration are domi-

nated by the FN record, as expected. The time at which the sharp velocity increase is registered

correlates very well with the estimated rupture arrival time tsR = 58.3 µs.

The velocity jump in the vertical record also correlates with the estimated rupture arrival time

of tsR = 58.3 µs. The steep, positive jump exhibited by the vertical component in the sub-Rayleigh

experiment is consistent with the expected sense of motion produced by a right lateral rupture on

the compressional side of the fault, where the surface is expected to bulge outward in the positive

direction as the rupture sweeps across the station. An anti-symmetric profile is anticipated on the

extensional side.

Interestingly, the FP velocity component begins to increase well in advance of theoretical S-wave

front arrival time (in stark contrast to the other two records, and also exhibits a long pulse-like

profile, which extends for nearly 50 µs. Note however, how the peak in the FP record correlates

with the estimated arrival time of the rupture tip. The initial (early) FP motion likely arises from

radiation emitted from the high-strength barrier, which arrives in advance of the main rupture.

The long pulse-width exhibited by the FP record may be attributed to the fact that the orig-

inal sub-Rayleigh rupture was crack-like as it approached the high-strength barrier. The healing

mechanism eventually converted the crack-like velocity profile to a slip-pulse with a broad temporal

width. It was reasoned that a lower static-compressive load may have produced a pulse-like rupture

from the very start, which would necessarily emerge beyond the high-strength barrier as a pulse-like

rupture of with a much shorter temporal width. This hypothesis was later confirmed through a

separate experiment, conducted at lower static compressive stress, which resulted in a pulse width

on the order to 20 µs. The observations and hypotheses regarding the nature of the long slip-pulse

in the sub-Rayleigh experiment (exp11-036) are relevant to the results obtained in the supershear

experiment since they apply equally well to the trailing Rayleigh rupture. This point will be fur-

ther clarified in the next section when the particle velocity traces for the supershear experiment
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(exp11-034) are examined.

5.3.6 Analysis and discussion of supershear particle velocity records ob-

tained in (exp11-034)

The particle velocity records obtained from the supershear experiment (exp11-034) are depicted

on the right-hand side of Figure 5.11. The dashed blue vertical lines labeled tp and ts mark the

anticipated arrival times of the S and P-wave fronts while the lines labeled tsR and tR mark the

anticipated arrival times of the sub-Rayleigh and trailing Rayleigh rupture tips at x = 57mm.

When interpreting the supershear particle velocity records It is important to note that the di-

latational and shear field contributions never fully separate at this short distance from the fault.

The resulting particle velocity records generally represent a superposition of the dilatational field,

which circulates around the rupture tip, and the shear radiation field confined within the region

bounded by the shear Mach fronts.

The leading portions of the supershear particle velocity records are dominated by the FP record,

as expected, which is characterized by a pronounced double-peak. The first local maxima, which

peaks near t = ts, is attributed to the leading dilatational field lobe, which encircles the supershear

rupture tip. The second sharp velocity jump which follows is correlated to the arrival of the shear

Mach front. Hence, although the two fields do not fully separate, the arrival times of their respective

maxima are still resolved within the record.

The leading portion of the supershear FN record exhibits a more subtle double-peak is also linked

to the arrival of the leading dilatational field and the shear Mach front. The anticipated negative

velocity swing of the FN component along the shear Mach front is overwhelmed by the dilatational

field, which dominates the sense of motion at such a short distance from the fault.

The trailing portion of the FN record, which follows the arrival of the supershear rupture bears

striking similarities to the FN signal obtained in the sub-Rayleigh experiment. Although the signals

exhibit different amplitudes, the two records are otherwise extremely similar in form.

The initial pulse-like portion of the supershear vertical record, which peaks near t = ts, is
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correlated to the arrival of the dilatational field. This is followed by an abrupt change of slope

and a negative velocity dip, which is attributed to the arrival of the shear Mach front. the time

corresponding to the abrupt slope change provides an excellent estimate for the arrival time of the

shear Mach front, which also correlates quite well with the noted arrival times of the Mach front in

the FP and FN records.

A detailed examination of the FP record obtained in the supershear experiment reveals that the

dilatational signal peaked at t = 51 µs while the peak linked to the shear Mach front, occurred at

t = 52.41 µs. The two peaks are therefore separated by 1.41 µs, which is notably less than the

previously estimated time interval of t = 2.6 µs between the tips of the leading and trailing Mach

cones. The analysis demonstrates that the two initial peaks in the FP record are therefore not

correlated to the passage of the leading and trailing shear Mach fronts.

The FP signal dropped by 76% from its peak value of 5.77 m/s (at t = 52.41 µs) down to 1.37

m/s at t = 56.58 µs, after which it began to climb again. If the 2.6 µs steady-state time estimate

between the tips of the two Mach cones is attributed to a supershear slip-pulse (slip zone), then

healing of the supershear signal should have been observed near t = 52.41 µs + 2.60 µs = 55 µs.

This clearly did not occur and a crack-like rupture resulted instead. The central question is why did

the supershear pulse fail to completely heal?

Next, note the complete absence of any secondary supershear signals in the particle velocity

records (section 3.10). Such signals typically accompany secondary shear Mach fronts as previously

addressed in (Section 3.10). The main point here is that the sharp, trailing shear Mach fronts cap-

tured in the scaled PS10 superhsear image sequence are not accompanied by the usual (anomalous)

secondary supershear particle velocity signals. This observation suggests that the trailing Mach

fronts captured in the PS10 supershear experiment are not an artifact of the plate thickness (section

3.10). The results appear to validate the new 3D fault geometry and the mechanism through which

it suppresses any sharp signals that might otherwise arrive from the free surface on the opposite

side of the specimen. The trailing Mach front, which is so clearly visible in the image sequence may

very well denote the tail end of slip zone and the healing phase of the supershear rupture. The



216

central question is why did the supershear pulse fail to completely heal? As it turns out, the most

significant clue comes from the FP record in the sub-Rayleigh rupture experiment.

A plausible explanation is obtained by appealing to the FP record obtained in the scaled PS10

sub-Rayleigh rupture experiment (exp11-036), which was previously examined in Section 5.3.5. Fig-

ure 5.9a shows how closely spaced the two ruptures were to each other as the leading and trailing

shear Mach fronts were crossing the measurement station at (57, 3) mm. Recall from Section 5.3.5)

how the FP signal in the sub-Rayleigh experiment exhibited an early velocity increase, which began

in advance of the nucleation S-wave arrival (t = ts). Note as well that the sub-Rayleigh experiment

was conducted under a static compressive load of P = 28MPa, which was only 2 MPa lower than

the static-compressive load used in the supershear experiment. In light of these points, it is quite

reasonable to assume that a similar FP signal contribution arose from the trailing Rayleigh rupture,

which was superimposed upon the primary supershear signal during this same period of time during

the supershear experiment. Hence, as the supershear slip-pulse was healing there was a superim-

posed (increasing) FP velocity signal from the leading edge of the TR rupture which proceeded to

offset the velocity drop imposed by the trailing edge of the supershear slip-pulse.

The visual evidence of the double shear Mach fronts captured in the photoelastic image sequence

is compelling. The collective particle velocity data sets indicate that the trailing shear Mach front

was not an artifact of the finite specimen thickness but was instead the healing phase of a supershear

slip pulse. It also likely that the FP particle velocity signal may have resulted in a perfect slip-pulse

had the measurement station been positioned further away from the high-strength barrier. This

would provide enough time for the supershear rupture to sweep the measurement station and have

the FP signal fully heal before any concentrated radiation from the high-strength barrier arrived to

offset the healing process. The experiments demonstrate the potential of the new 3D fault geometry.

Continued development and refinement of the new technique may very well lead to the repeatable

generation of supershear slip-pulses in laboratory earthquake experiments. This could enable new

and unprecedented laboratory earthquake investigations.
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Figure 5.12: Denali supershear event Recorded at PS10 (left) and Laboratory record obtained at the
scaled measurement station located at (57, 3) mm (right)

5.4 Scaling of laboratory earthquake supershear experiment

and direct comparison with PS10 ground motion records

Figure 5.12 depicts the PS10 ground motion records on the left and the particle velocity records from

the scaled supershear laboratory experiment (exp11-034) on the right. Note that the time axis in the

PS10 plots is measured with respect to the P-wave arrival while the time axis in the experimental

plots is measured with respect to the instrumentation trigger time. The temporal widths of the

trailing Rayleigh portion of each record are identified and labeled as shown. The ratio of the

temporal widths between the two records was used to set the temporal scaling factor in accordance

with Eq. 5.10. Spatial scaling was accomplished a priori through the design of the experiment in

accordance with Eq. 5.9 and ensures that relative arrival times between the supershear and trailing

Rayleigh ruptures is preserved when the temporal scaling factor is applied. Peak velocity values

for each particle velocity component and the ground motion records are also noted in anticipation

of amplitude scaling. As a final step, the magnitudes are scaled by the peak to peak swing in the

trailing Rayleigh record, which is also justified by the dimensional scaling argument presented in

(Section 3.14.3).

In general, the pulse-like signature obtained in the sub-Rayleigh experiment and the crack-like
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result of the supershear experiment is consistent with previous experiments, which demonstrate how

dynamic shear ruptures on interfaces that are pre-stressed in compression and in shear systematically

vary from crack-like to pulse-like in accordance with the non-dimensional shear pre-stress or absolute

stress levels (Lu et al., 2007, 2010). Experimental results are also consistent with theory of pulse-like

and crack-like shear ruptures on velocity weakening interfaces (Zheng and Rice, 1998; Samudrala

et al., 2002a).

The scaling relationships presented in Section 5.2 were applied to the laboratory records to

produce the blue curves in Figure 5.13, which are shown superimposed upon the actual Denali PS10

ground motion records. Note that the laboratory records, which originally spanned a time interval

of 100 µs have now been stretched through six orders of magnitude in time to match up with the

Pump Station 10 ground motion records. Time is plotted relative to the P-wave arrival time at

PS10. The dashed vertical lines extending through the plots correspond to the 6.88 s time interval

of the trailing Rayleigh portion of the record that was used to set the temporal scaling factor.
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Each point labeled (A’ - H’) in the laboratory particle velocity records has a corresponding

point (A - H) in the PS10 ground motion records and vice versa. Apart from the fact that the

experimental record is crack-like, the scaled records much up quite well with the PS10 ground

motion records capture all of the prominent signatures. The correct sense of motion is properly

observed between the corresponding portions of the records and is consistent with the choice of a

properly scaled measurement station positioned on the compressional side of the fault located to the

right of the nucleation site (x > 0).

The laboratory FP record (blue curve) exhibits an initial peak, which is attributed to the leading

dilatational field lobe. The resulting ground motion at such a short distance from the fault is

heavily influenced by the dilatational field, which curls around the rupture front, and there is never

a sustained separation between the two field contributions as the rupture and its surrounding field

sweeps across the station. The dominance of the FP component over the FN component (A vs. B)

and (A
′
vs. B

′
) is observed in the early portion of the experimental records although the 1.5× ratio

exhibited by the PS10 records was not captured by the experimental records. Both records become

quiescent following the passage of the primary supershear rupture.

Note that the PS10 fault-parallel record does not exhibit a dilatational field peak prior to the

arrival of the shear Mach front. This could be attributed to the fact that the lab experiment is still

largely 2D-like by nature in that there is no significant spatial variation of the rupture through depth.

This point is bolstered by the results of the dynamic 3D calculations by (Dunham and Archuleta,

2004) which do not distinguish between the leading dilatational field and the shear Mach front.

The experimental FN record exhibits some striking similarities with the corresponding PS10

record, particularly between the points labeled C
′ → D

′ → E
′

in the laboratory FN record and the

corresponding velocity swings spanning from C → D → E in the PS10 FN ground motion record.

The magnitude of the relative velocity swings between C
′ → D

′
and C → D were forced to match

as part of the scaling process. This then established the amplitude scaling which was applied to the

FP and V records.

As noted by (Dunham and Archuleta, 2004) the almost antisymmetric nature of this part of the
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record at PS10 reveals that the trailing Rayleigh disturbance was pulse-like. However, since a crack-

like rupture resulted in the experiment, the trailing Rayleigh disturbance failed to completely heal

and hence the record is not as antisymmetric. Nevertheless, the result captures the same general

features and sense of motion observed in the corresponding portion of the PS10 FN ground motion

record, and provides strong experimental confirmation that this portion of the PS10 record was

indeed attributed to the passage of a trailing Rayleigh rupture.

There is also a very nice match between the vertical record obtained in the laboratory earthquake

spanning between the points F
′ → H

′
. and the PS!0 ground motion record spanning the interval

defined by between the points labeled F → H. The result suggests that the near tip fields were

largely responsible for the recorded ground motion and that depth effects played a far lesser role in

the process.

Finally, it is acknowledged that the PS10 recordings feature a pulse-like rupture and that the

supershear experiment presented here resulted in a crack-like rupture. This point was addressed

in considerable detail in the previous section where arguments were presented to support the claim

that such experiments can, under appropriate conditions, produce pulse-like supershear ruptures.

The fact that the experimental record failed to produce a perfect healing phase is inconsequential

when viewed within the broader objectives of the investigation. The results presented here should be

viewed as a physical analog to numerical modeling simulations of the PS10 ground motion records

(Ellsworth et al., 2004; Dunham and Archuleta, 2004). The overall goal was to capture the prominent

supershear ground motion signatures and offer a physical basis for the design of the experiment and

the interpretation of the results. Viewed from this perspective, the experiments as presented were

quite successful and comparable in many respects to the best numerical modeling attempts offered

up to this point in time. In summary, the unique near field signatures in the ground motion records

for both sub-Rayleigh and supershear ruptures have been identified. Building upon previous work

by (Ellsworth et al., 2004; Dunham and Archuleta, 2004), a rigorous theoretical and numerical

argument regarding the supershear ground motion signatures has been presented. Experiments

clearly show that the dominance of the fault-parallel velocity component in the rupture speed regime
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(
√

2Cs < Vr ≤ Cp) is observed.

Experiments have validated that a rupture traveling at supershear speeds exhibits the following

signatures, many of which are predicted by theory:

• A dilatational precursor, dominant in the fault-parallel component, that arrives in the ground

motion records prior to the arrival of the Mach front.

• Dominance of the fault-parallel component over the fault-normal component in the supershear

speed regime (
√

2Cs < Vr ≤ Cp).

• Trailing Rayleigh rupture behind the main rupture tip with a dominant fault-normal com-

ponent. This produces a ground-shaking signature qualitatively similar to a sub-Rayleigh

rupture.

Experiments were also conducted to replicate the 2002 Denali Mw7.9 ground motions as recorded

at Pump Station 10 located 85 km east of the hypocenter and just 3km north of the fault. The

results of the experiments validate the hypothesis put forth by (Ellsworth et al., 2004; Dunham and

Archuleta, 2004) that a segment of the Denali strike slip fault experienced a supershear burst.

The direct practical consequence of the above observations are that a near field station will

first experience the primary fault-parallel (FP) shaking due to the arrival of the supershear rupture

fields, followed by a primary fault-normal (FN) shaking linked to the trailing Rayleigh rupture.

Structures located near a fault hosting such a transition will effectively experience two separate,

closely timed earthquake events characterized by different forms of ground-shaking. The timing

between these two occurrences will depend on the location of the near field station relative to the

point of sub-Rayleigh-to-supershear transition.
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Chapter 6

Dynamic Stress Measurements
within the Supershear Slip Zone

Consider the scenario where simultaneous measurements of the fault-normal (FN) and fault-parallel

(FP) particle velocity components are conducted at a point (x, 0−) or (x, 0+) located arbitrarily

close to a frictional fault. In a laboratory earthquake experiment this constitutes focusing two laser

interferometer probe beams onto a location positioned within 100−200 µm of the specimen fault as

depicted in Figure 6.1. Measurements of this nature are herein referred to as “near-fault” particle

velocity measurements and can also involve paired FP measurements whereby the probe beams are

focused on either side of the fault and separated by an extremely short distance on the order of the

focused laser beam spot diameter.

The scope of this chapter addresses a discovered relationship, pertaining mainly to supershear

ruptures, which relates the near-fault particle velocity records to the evolution of the dynamic stress

components at the same location. The observed relationship is derived from the general 2D steady-

state supershear solution by (Dunham and Archuleta, 2005), which is summarized in Section 2.3.1.

The new technique enables the direct measurement of σxx and σxy at the specimen frictional interface

as a supershear rupture sweeps across the measurement station. A knowledge of the elastic wave

speeds (Cs, Cp), density (ρ), and shear modulus (µ) of the test specimen are required along with

an accurate estimate of the supershear rupture speed (Vr). Each of these physical variables, apart

from the density of H-100, is accurately estimated within each experiment through the analysis of

synchronized, high-speed photoelastic images as detailed in Section 3.11.2.
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Figure 6.1: Laboratory earthquake experimental configuration used for simultaneous measurement
of fault-normal and fault-parallel particle velocity measurements at a near-fault measurement station
positioned at (−55, 0−) mm

Stress measurements derived from particle velocity components at the frictional fault enable

a unique class of dynamic friction investigations. The theoretical basis of the new measurement

technique is presented in detail. The dynamic stress relationships were applied to a subset of

supershear experiments, which featured near-fault particle velocity measurements using the (FN,FP)

laser interferometer configuration. Stress measurements and dynamic friction investigations obtained

from representative supershear experiments are presented in detail.

6.0.1 Experimental verification of anti-symmetric fault-parallel particle

velocity records in laboratory earthquake experiments

Antisymmetry of the FP particle velocity component was invoked in Section 2.3.2 and will be further

invoked in the derivation of the stress-particle velocity relationships developed later in the chap-

ter. Experimental verification of antisymmetry in laboratory earthquake particle velocity records is

demonstrated by examining the results obtained from two independent supershear rupture experi-

ments. The results also demonstrate how in many instances a single fault-parallel particle velocity

record can be used to accurately estimate the slip velocity.
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As previously discussed in Section 2.3.2, the slip velocity is defined by

∆u̇x(x, 0) = u̇x(x, 0+)− u̇x(x, 0−) (6.1)

where the notation u̇x(x, 0±) = lim
y→0±

u̇x(zs) denotes the particle velocities at a pair of closely

spaced points positioned just above and below the fault. The assumption that the fault-parallel

particle velocity component is anti-symmetric, i.e., u̇x(x, 0+) = −u̇x(x, 0−), leads to an alternative

description of the slip velocity given by

∆u̇x(x, 0) = 2u̇x(x, 0+)

∆u̇x(x, 0) = −2u̇x(x, 0−).

(6.2)

Eq. 6.2 implies that the slip velocity can be determined from a single near-fault particle velocity

record (FP+ or FP−). Care must be exercised, however, when “blindly” applying Eq. 6.2 to a FP

particle velocity record since any non-zero portion of the record will be effectively doubled. Strictly

speaking, one should first identify which portions of the particle velocity record which correspond to

interfacial sliding and apply Eq. 6.2 only to those portions. The use of paired fault-parallel records is

recommended whenever possible. Experience gained from the analysis of anti-symmetric FP records

can then be leveraged to estimate the arrival time of the slip-pulse in cases when only a single FP

measurement is obtained.

Antisymmetry of the fault-parallel particle velocity component has been been observed and

verified in laboratory earthquake experiments through paired fault-parallel measurements conducted

at two closely spaced points positioned above and below the specimen fault. Figure 6.2 depicts the

results obtained from one such supershear experiment (exp10-036). The experiment was conducted

using a traditional 6′′× 6′′× 0.375′′ H-100 specimen with uniformly roughened fault surfaces with a

fault angle of α = −26◦ and a static-compressive load P = 31 MPa.

The two high-speed photoelastic images reveal the positions of the supershear and trailing

Rayleigh rupture fronts at t = 45 µs and t = 55 µs and establish temporal correlation between
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Figure 6.2: Supershear rupture experiment (exp10-036) featuring anti-symmetric fault-parallel par-
ticle velocity records FP+ (u̇x(60, 0+) and FP− (u̇x(60, 0−).

the location of the two rupture fronts and their noted arrival times and velocity jumps in the par-

ticle velocity records. The thin green and red lines aligned parallel to the fault in the photoelastic

images represent the optical paths of the FP probe beams that were focused at (60, 0−) mm and

(60, 0+) mm, respectively. The yellow line aligned perpendicular to the fault represents the optical

path of the FN beam, which was focused on the upper edge of the lower retro-reflective tape section

corresponding to (60, 0−) mm . The dark cylindrical shadow in the image was formed by the side

exit probe which directed the vertical particle velocity probe beam to focus at (60, 0+) mm .

The lower-left panel in Figure 6.2 depicts the fault-parallel particle velocity records FP+ and

FP−, obtained at (60, 0+) mm and (60, 0−) mm , respectively. Dashed blue vertical lines labeled

tp, ts, tss, and tR mark the arrival of the P-wave, S-wave, supershear rupture, and trailing Rayleigh

rupture (TR), respectively, at the near-fault measurement stations. The onset of slip (estimated at
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t = 37.3 µs) is determined by noting the point where the two antisymmetric FP records just begin

to separate. The two red arrows in the lower-left panel highlight this point. Antisymmetry between

the two fault-parallel particle velocity records is clearly evident. Minor differences in magnitude

between the two records are attributed to the fact that the laser beams were not precisely focused

at the same distance from the fault. Additional subtle differences in high frequency content between

the two records is attributed to differences in texture and light scattering efficiency at the opposing

corners of the two retro-reflective tape strips.

The plots depicted in the lower-right panel in Figure 6.2 were obtained by applying Eqs. 6.1, 6.2 to

the entire experimental record. The dashed red line corresponds to the slip velocity estimate obtained

by subtracting the two signals in accordance with Eq. 6.1 while the solid blue line corresponds to

the estimate obtained using Eq. 6.2, which assumes antisymmetry. The pair of red arrows in the

lower-right panel highlight the onset of slip and correspond to the same time highlighted by the two

red arrows in the lower-left panel. Note that slip velocity as defined here encompasses the entire

period spanned by the leading supershear portion, the secondary (anomalous) supershear signal,

and the trailing sub-Rayleigh rupture segment of the experimental curve. The plots reveal that the

interfacial sliding occurred throughout this entire period.

The obvious overlap and the strong correlation between the two slip velocity curves in the lower-

right panel of Figure 6.2 demonstrates the antisymmetry of the FP component. High frequency

variations between the records contribute to small differences between the two curves. The largest

difference between the two curves in the supershear portion of the records occurs at the first peak

near t = 42 µs where the solid blue curve overshoots the dashed red curve by approximately 5 %. The

biggest difference between the two records over the course of the entire experiment occurs around

t = 55 µs while the trailing sub-Rayleigh rupture was sweeping across the measurement stations.

An estimated 10 % overshoot of the solid blue curve with respect to the dashed red curve is partially

attributed to the dominant FN component which displaced the fault upward and thus shortened

the distance between the measurement station and the FP+ beam while simultaneously increasing

the distance between the FN− beam and its respective measurement station positioned below the
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Figure 6.3: Supershear rupture experiment (exp10-041) featuring anti-symmetric fault-parallel par-
ticle velocity records FP+ (u̇x(60, 0+) and FP− (u̇x(60, 0−) along with FN (u̇y(60, 0) and vertical
(u̇z(60, 0+) records acquired at the same measurement station locations.

fault. Nonetheless, the results reveal an excellent overall correlation between the two slip velocity

estimates and effectively demonstrate how a single near-fault particle velocity measurement can be

relied upon to make a very reasonable estimate of the slip velocity.

The particle velocity records from a second supershear experiment (exp10-041) are depicted in

Figure 6.3. The experiment was conducted under a static-compressive load of P = 30 MPa using

a traditional 6′′ × 6′′ × 0.375′′ H-100 specimen with uniformly roughened fault surfaces and a fault

angle α = −26◦. Four particle velocity probe beams were used in the experiment in order to produce

simultaneous recordings of the fault-parallel components (FP+, FP−), vertical component V , and

fault-normal component FN .

Paired fault-parallel particle velocity measurements were conducted at a pair of closely spaced
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measurement stations located at (60, 0+) mm and (60, 0−) mm . The upper-left panel in Figure 6.3

depicts the resulting anti-symmetric fault-parallel particle velocity records, FP+ and FP−, which

resulted from the experiment. An extraordinary degree of antisymmetry between the two records

is revealed by the excellent overlap and strong overall correlation between the two slip velocity

estimates (dashed red and solid violet curves) depicted in the upper right-hand panel of Figure 6.3.

The two red arrows in the upper-left panel of Figure 6.3 indicate the onset of slip, which is identified

by the point at which the two curves just begin to separate. The same point in time is highlighted

in the upper-right hand panel where the slip velocity curves begins to pull away from the horizontal

axis (∆u̇x(x, 0) = 0). The black arrow on the right-hand side in the upper-right panel reveals the

point where antisymmetry between the curves is lost, presumably due to the arrival of boundary

waves reflected from the right-hand side of the specimen.

The circled portion of the slip velocity (∆u̇x = 2u̇+
x ) in the upper-right panel of Figure 6.3 high-

lights an example where the use of Eq. 6.2 doubled a non-zero portion of the FP+ particle velocity

record that did not result from interfacial sliding. Although the magnitude of this contribution

appears to be small compared to the actual sliding portion of the record, the example nonetheless

highlights how blindly applying Eq. 6.2 to a single FP particle velocity record can lead to an erro-

neous description of the slip velocity. Strictly speaking, Eq. 6.2 should only be applied to a specific

portions of the curve which correspond to interfacial slip.

The two examples highlighted in this section reveal how the onset of slip can be detected through

close inspection of the curves. The ideal scenario involves paired FP measurements, which leave little

doubt as to when interfacial slip ensued. The results presented here demonstrate how it then becomes

possible, with sufficient experience, to conduct similar measurements using a single FP probe beam

and properly identify the sliding portion of the particle velocity record.



229

(a) LEFT-LATERAL RUPTURE (b) RIGHT-LATERAL RUPTURE

θ < 45◦

dilatational �eld 
circulation

45º 45º

stable supershear rupture speed regime:
√

2Cs < Vr < Cp

(along Mach front)

θθθθ
θθ θθ

u̇s
y

u̇s
y

u̇s
xu̇s

x

�̇udil�̇udil

u̇s
y

u̇s
xu̇s

x

u̇s
y

∇× �̇udil = 0

|u̇s
x | > |u̇s

y |

Figure 6.4: (a) Sense of particle displacement for (stable) left-lateral supershear rupture rupture (b)
Sense of particle displacement for (stable) left-lateral supershear rupture rupture

6.0.2 Summary of particle displacement for right- and left-lateral super-

shear ruptures

The diagrams depicted in Figure 6.4 summarize the expected sense of particle motion for the dilata-

tional and shear fields surrounding stable, right- and left-lateral supershear ruptures. Figure 6.4(a)

depicts the sense of particle motion resulting from a left-lateral rupture propagating to the right or

left while Figure 6.4(b) indicates the corresponding sense of motion resulting from a right-lateral

rupture.

The large circle in each diagram represents an S-wavelet emitted by a shear dislocation positioned

at the origin. The sense of motion along the circular wavefront, as depicted by the red arrows,

corresponds with the solution for the far-field radiation pattern resulting from a shear dislocation,

also commonly referred to as the double-couple solution in an infinite homogeneous medium (Chapter

1). The dashed black lines oriented at ±45◦ with respect to the horizontal axis intersect the S-

wavefronts at the nodal points where ~us = 0. The direction indicated by the red arrows also

highlight how the sense of particle motion reverses at the nodal positions. Shear Mach fronts from

a stable supershear rupture will always be tangent to its constituent S-wavelets at points located

within the upper and lower octants (Chapter 1) of the expanding circular fronts. The sense of

particle motion along a shear Mach front is set by ~̇us along the S-wavelet at the point of tangency.
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The particle motion along a shear Mach front is decomposed into fault-parallel and fault-normal

particle velocity components (u̇sx and u̇sy) represented by the green arrows. The smaller black circles

centered around the tip of the Mach cones in each of the diagrams indicates the sense of particle

motion of the dilatational field (up), which circulates around the rupture tip (recall ∇up = 0).

The previously examined particle velocity records in Figure 6.3 corresponding to the supershear

experiment (exp10-041) also serve to demonstrate the sense of particle motion associated with a

right-lateral supershear rupture as predicted in Figure 6.4(b). First, note the positive velocity

jump exhibited by u̇x(x, 0+) upon arrival of the right-traveling supershear rupture and the opposite

(antisymmetric) velocity swing exhibited by u̇x(x, 0−). The observed particle motion is just as

expected for a shear Mach front associated with a stable right-lateral supershear rupture and in

agreement with the direction of the green FP vectors labeled u̇sx in Figure 6.4(b). Next, note

the negative velocity jump exhibited by u̇y(x, 0−) upon arrival of the supershear rupture. This

observation is also in agreement with the predicted sense of motion along a shear Mach for a stable

right-lateral supershear rupture as indicted by the direction of the green FN vectors labeled u̇sx in

Figure 6.4(b).

Note as well how the vertically oriented red arrow drawn tangent to the S-wavelet in Figure

6.4(b) indicates the correct sense of particle motion and dominance of the FN component in the case

of a right-lateral sub-Rayleigh rupture (Chapter 1). This feature is easily verified by examining the

trailing Rayleigh portions of the particle velocity records in Figure 6.3. The FN signal dominates

over the FP signal in magnitude within the trailing sub-Rayleigh portion of the record and also

exhibits a positive velocity jump, as expected, for a right-lateral rupture. The observed sense of

motion is in complete agreement with the direction of the vertically oriented arrow in Figure 6.4(b).

The clockwise sense of particle motion of the dilatational field which circulates around the su-

pershear rupture tip cannot be discerned from the particle velocity records at such a close distance

from the fault.

Finally, although Figure 6.4(b) cannot predict the sense of vertical particle motion, it is still

possible to infer the correct sense of particle motion by considering the sign of the horizontal stress
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component. In the case of a right-lateral rupture points (x, 0+) experience compression while points

(x, 0−) experience tension. Hence, as a general rule of thumb we should expect positive velocity

swings associated with the arrival of the supershear and trailing sub-Rayleigh ruptures when the

vertical particle velocity probe beam is focused at a points (x, 0+) and negative velocity swings when

it is focused on the opposite side of the fault. Examination of the vertical particle velocity record

plotted in the lower-right panel of Figure 6.3 reveals that positive velocity jumps were registered

upon arrival of the supershear and trailing sub-Rayleigh ruptures, which is consistent with the fact

that the vertical particle velocity probe beam was focused at (60, 0+) mm .

6.0.3 Extension of 2D steady-state supershear slip-pulse solution to left-

traveling ruptures

The 2D steady-state supershear slip-pulse solution by (Dunham and Archuleta, 2005) was originally

cast for a right-lateral rupture that was assumed to propagate to the right (x > 0). The dilatational

and shear field contributions appear as separate terms in the final stress and particle velocity field

expressions as a consequence of the Poisson displacement field representation which was adopted

in the derivation. The leading term (function of zp) in the field expressions corresponds to the

dilatational field which is centered around the supershear rupture tip while the second term (function

of (zs) corresponds to the shear field contribution within the region bounded by the leading and

trailing shear Mach fronts.

Laboratory earthquake experiments can involve either right- or left-traveling ruptures depending

upon the objectives and physical circumstances of a given experiment. The stress and particle

velocity field expressions must therefore be adjusted in order to process particle velocity records

corresponding to a left-traveling rupture. Adjustments to the stress and particle velocity field

expressions for a right-lateral supershear rupture are implemented in accordance with Figure 6.4(b).

The relationships given by Eq. 6.3

u̇x(x, y) = u̇x(−x, y) ; u̇y(x, y) = −u̇y(−x, y) (6.3)
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between the fault-parallel and fault-normal velocity components to the right- and left-of-center are

confirmed by inspection of Figure 6.4(b).

The first adjustment to the 2D steady-state supershear slip-pulse solutions involves changing

x → |x| in the definitions of zs and zp, i.e., zp = |x| + iαpy and zs = |x| + βsy. This nearly

takes care of everything except for the minus sign between the left- and right-traveling fault-normal

expressions, which is easily handled by introducing the sgn(x) function in the fault normal particle

velocity expression. The modified particle velocity field expressions are then given by

u̇x = −Vr
µ

[
1

2αp
=N(zp) +

β2
s − 1
4αp

=N(zs)
]

(6.4)

u̇y = −Vr
µ

[
1
2
<N(zp)− sgn(y)

β2
s − 1

4αpβs
=N(zs)

]
sgn(x) (6.5)

where the variables zp, zs are now given by

zp = |x|+ iαpy ; zx = |x|+ βsy (6.6)

and

N(z) = −sin(πq)
π

z1−q(z + L)q
∫ 0

−L

τ(w)− σ0
xy

(−w)1−q(w + L)q(w − z)dw. (6.7)

where N(z) represents an analytic function of the form described in Section 2.3. The adjusted stress

field expressions are adjusted in a similar manner and given by

σxx =
[

1 + β2
s + 2α2

p

2αp
=N(zp) +

β2
s − 1
2αp

=N(zs)
]
sgn(x) (6.8)

σxy = <N(zp) +
[

(β2
s − 1)2

4αpβs
=N(zs)

]
sgn(y) (6.9)

σyy =
[
β2
s − 1
2αp

=[N(zp)−N(zs)]
]
sgn(x) (6.10)

where the use of sgn(x) in Eqs. 6.8, 6.10 properly adjusts the solutions for compressional and

tension within the four rupture quadrants, i.e., σxx(x > 0, y > 0) < 0 , σxx(x > 0, y < 0) > 0;
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σxx(x < 0, y < 0) < 0, σxx(x < 0, y > 0) > 0, and σyy(x > 0, y > 0) > 0 , σyy(x > 0, y < 0) < 0;

σyy(x < 0, y < 0) > 0, σyy(x < 0, y > 0) < 0.

Note that the adjusted equations only apply to a right-lateral rupture as originally formulated by

(Dunham and Archuleta, 2005). The adjustment for left-lateral ruptures, although not considered

here, simply involves the insertion of a minus sign. Unless otherwise noted, the adjusted equations

and any derived relationships which follow from these expressions will strictly apply to right-lateral

ruptures.

6.0.4 Relationship between the slip velocity ∆u̇(zs) and =N(zs)

For an observation point positioned arbitrarily close to the fault, lim
y→0±

(z) = x, in which case zp =

zs = x. Similarly, we can write lim
y→0±

N(zp) = lim
y→0±

N(zs) = N±(x). The fault-parallel particle

velocity (Eq. 6.4), evaluated at two closely spaced points (x, 0±), positioned just above and below

the fault, is thus given by

u̇x(x, 0+) = −Vr
µ

[
1

2αp
=N+(x) +

β2
s − 1
4αp

=N+(x)
]

u̇x(x, 0−) = −Vr
µ

[
1

2αp
=N−(x) +

β2
s − 1
4αp

=N−(x)
]
.

(6.11)

The temptation to combine common terms is resisted for the time being. Note as well the use of the

variable x instead of |x| as discussed in the previous section. It should be understood that x→ |x|

for a left-traveling rupture.

Next, invoking the mode II antisymmetry condition u̇x(x, 0+) = −u̇x(x, 0−), or, equivalently

=N(x, 0+) = −=N(x, 0−), allows us to recast Eq. 6.11 as

u̇x(x, 0+) = −Vr
µ

[
1

2αp
=N+(x) +

β2
s − 1
4αp

=N+(x)
]

u̇x(x, 0−) =
Vr
µ

[
1

2αp
=N+(x) +

β2
s − 1
4αp

=N+(x)
]
.

(6.12)

Substituting Eqs. 6.12 into the general slip velocity expression given by Eq. 6.1 and re-invoking the
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mode II antisymmetry relation [=N(x, 0+) = −=N(x, 0−)] then yields

∆u̇x(x, 0) = ∓2Vr
µ

β2
s + 1
4αp

=N±(x) . (6.13)

Substitution of the antisymmetric forms of the slip velocity (Eq. 6.2) into Eq. 6.13 leads to

u̇x(x, 0±) = −Vr
µ

β2
s + 1
4αp

=N±(x) , (6.14)

which is then solved for =N±(x) and recast as

=N±(x) = −4µ
Vr

αp
β2
s + 1

u̇x(x, 0±) . (6.15)

Equation 6.15 is an important result which reveals how a single fault-parallel particle velocity mea-

surement [u̇x(x, 0±)] conducted very close to the fault can provide an experimental estimate of

=N±(x).

Finally, note the general form for the slip velocity, given by Eq. 6.16, which is obtained by

invoking ∆u̇x(x, 0) = ∆u̇(zs) and =N±(x) = =N(zs), since zs = x + βsy defines a characteristic

(shear Mach front) extending from the fault out to infinity.

∆u̇x(zs) =
[
−2Vr

µ

β2
s + 1
4αp

=N(zs)
]
sgn(y) (6.16)

Equation 6.16 can be directly substituted into Eqns. 6.4, 6.5 to show that the shear contribution to

both of the particle velocity field components scales directly with the slip velocity as expressed by

Eq. 6.17 and Eq. 6.18 (Dunham and Archuleta, 2005).

u̇x = −Vr
µ

[
1

2αp
=N(zp)

]
+ sgn(y)

β2
s − 1

2(β2
s + 1)

∆u̇x(zs) (6.17)

u̇y =
[
−Vr
µ

1
2
<N(zp)−

1
2βs

β2
s − 1
β2
s + 1

∆u̇x(zs)
]
sgn(x) (6.18)
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6.0.5 Relationship between the slip velocity ∆u̇(zs) and <N(zp)

Equation 6.18 is solved for <N(zp) and recast as

<N(zp) = −2µ
Vr

[
u̇y

sgn(x)
+

1
2βs

β2
s − 1
β2
s + 1

∆u̇x(zs)
]
. (6.19)

In the limit that the observation point approaches the fault, Eq. 6.19 assumes the form given by

<N±(x) = −2µ
Vr

[
u̇y(x, 0±)
sgn(x)

+
1

2βs
β2
s − 1
β2
s + 1

∆u̇x(x, 0)
]
. (6.20)

Substituting the antisymmetric form of the slip velocity (Eq. 6.2) yields a second critical relationship

given by

<N±(x) = −2µ
Vr

[
u̇y(x, 0±)
sgn(x)

+
sgn(y)
βs

β2
s − 1
β2
s + 1

u̇x(x, 0±)
]
. (6.21)

Equation 6.21 reveals how the simultaneous measurement of u̇x(x, 0±) and u̇y(x, 0±) can lead to a

direct estimate of <N±(x) and thus the complete characterization of the complex function N±(x)

when combined with =N±(x) through Eq. 6.15. This in turn enables the complete characterization

of the stress tensor within the slip zone in accordance with the 2D steady-state assumptions of the

supershear slip-pulse solution.

Measurements of =N(zs) and <N(zp) using Eqs. 6.15, 6.21 necessarily require a knowledge of

the rupture speed Vr, the elastic wavespeeds Cp, Cs, and the shear modulus µ. The elastic wave

speeds Cs and Cp are conveniently obtained through the analysis of high-speed photoelastic image

frames. The shear modulus is thus also directly estimated through the relation µ = ρC2
s , assuming

that the density (ρ) of H-100 is known Section 3.11.2.

6.0.6 Experimental estimation of σxx from fault-parallel particle velocity

records

The 2D steady-state supershear slip-pulse solution results from a mixed boundary value problem

where it is assumed that two identical isotropic linear elastic half-spaces, having a shear modulus µ,
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and P- and S-wave speeds Cp and Cs, are joined along the interface (fault) y = 0. The stress field

boundary conditions are given by

σyy(−∞ < x <∞, 0) = 0

σxy(−L < x < 0, 0) = τ(x)− τ0 .
(6.22)

and the only two nonzero stress components along the fault are σxx and σxy. The nature of the

stress field solutions within the supershear slip zone is examined by once again considering the limit

as the observation point approaches the fault, in which case lim
y→0±

(z) = x implies zp = zs = (x, 0±)

and lim
y→0±

N(zp) = lim
y→0±

N(zs) = N±(x).

At points (x, 0±) positioned close to the fault, Eq. 6.8 assumes the limiting form given by

σxx(x, 0±) =
[

1 + β2
s + 2α2

p

2αp
=N±(x) +

β2
s − 1
2αp

=N±(x)
]
sgn(x) (6.23)

Substituting Eq. 6.15 into Eq. 6.23 along with the explicit expressions for αp and βs (Eq. 2.10) yields

σxx(x, 0±) =
[
−4µ
Vr

(
1− C2

s/C
2
p

)
u̇x(x, 0±)

]
sgn(x) . (6.24)

Equation 6.24 is of the form σxx(x, 0±) = ε(x, 0±)E, where εxx(x, 0±) is the horizontal strain

component which emerges through the steady-state differential relationship given by

∂ux(x, 0±)
∂t

=
∂ux(x, 0±)

∂x

∂x

∂t
= −Vrεxx(x, 0±) . (6.25)

and

E = 4µ(1− C2
s/C

2
p) . (6.26)

represents the elastic modulus of the surrounding medium. Next, recall that the shear wavespeed
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(Cs) is given by the universal expression

Cs =
√
µ/ρ (6.27)

where µ is the elastic modulus and ρ represents the material density. The value of the dilatational

wavespeed (Cp) is bounded between plane stress and plane strain extremes. Under plane stress

conditions the dilatational wavespeed is given by

Cp =

√
E

ρ(1− ν)(1 + ν)
(6.28)

where ν represents Poisson’s ratio. The more familiar plane strain form of the dilatational wavespeed

given by 6.29 is recovered by replacing E → E/(1− ν2) and ν → ν/(1− ν) in Eq. 6.28.

Cp =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
(6.29)

As previously noted, the shear and dilatational wavespeeds, Cs and Cp, can be directly measured

in laboratory earthquake experiments (Section 3.11.2). The shear modulus is also readily estimated

through Eq. 6.27, assuming that the density (ρ) of H-100 is known (Section 3.11.2). Measured values

of Cp, Cs, and µ may then be substituted directly into Eq. 6.26 thus eliminating the reliance upon

tabulated material properties and relaxing the need to invoke strict assumptions of plane stress or

plane strain.

6.0.7 Experimental estimation of τ(x)−τ0 within the supershear slip zone

(−L < x < 0)

At points (x, 0±) positioned close to the fault, Eq. 6.9 assumes the limiting form given by

σxy(x, 0±) = <N±(x) +
[

(β2
s − 1)2

4αpβs
=N±(x)

]
sgn(y) (6.30)
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Invoking the boundary condition (Eq. 6.22) allows us to recast Eq. 6.30 as

τ(x)− τ0 = <N±(x) +
[

(β2
s − 1)2

4αpβs
=N±(x)

]
sgn(y) (6.31)

where τ(x) = τ(x, 0±) represents an estimate of the shear traction within the supershear slip zone

and the variable τ0 is the initial shear stress on the fault. Recall that in the case of a laboratory

earthquake experiment τ0 = P sinα cosα, where P is the imposed by the static compressive load

and α represents the specimen fault angle. A closer examination of Eq. 6.31 reveals that the factor

in braces is nothing more than the familiar speed dependent factor q (Section 2.2.2, Eq. 2.46) in

disguise, i.e.,

cotπq =
(β2
s − 1)2

4αpβs
(6.32)

which can be substituted into Eq. 6.31 resulting in a more compact form given by

τ(x)− τ0 = <N±(x) + sgn(y) cot(πq)=N±(x) . (6.33)

Experimental estimates of τ(x) are thus obtained through Eq. 6.33 using measured values of <N±(x)

and =N±(x) obtained from particle velocity records through Eqs. 6.15 and 6.21, respectively. The

variable q can also be well estimated through the analysis of high-speed photoelastic images, which

provides direct measurements of the elastic constants, and rupture speed. The only required material

property that cannot be directly determined from the experiment is the density of the specimen

material (H-100). This is a minor concern since the density of H-100 has been well characterized

can be easily determined if deemed necessary.

An explicit solution for τ(x), given by Eq. 6.34, is obtained through direct substitution of Eqs.

6.15, 6.21 into Eq. 6.33

τ(x)− τ0 = −2µ
Vr

[
u̇y(x, 0±)
sgn(x)

+ sgn(y)
β2
s − 1
2βs

u̇x(x, 0±)
]
. (6.34)

This particular is most useful since it provides greater insight into the role that each particle velocity



239

1.4 1.5 1.6 1.7 1.8 1.9 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Vr/Cs

β 2
s − 1
2βs
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plays in the estimation of τ(x). Eq. 6.34 immediately reveals that contribution of the fault-parallel

component is weighted by a non-dimensional rupture-speed-dependent factor given by

B =
β2
s − 1
2βs

(6.35)

A plot of the fault-parallel weighting factor B = B(Vr/Cs) is displayed in Fig 6.5.

6.0.8 Alternative derivation for τ(x)− τ0 within the supershear slip zone

(−L < x < 0) using the integral equation for N(z)

The mode II symmetry properties and the shear traction boundary condition given by Eq. 6.22 are

combined to define a Hilbert problem given by

N+(x) = e−2πiqN−(x) + 2i sin(πq)e−iπq[τ(x)− τ0] . (6.36)



240

(Dunham and Archuleta, 2005). The solution to the Hilbert problem is the analytic function N(z)

given by Eq. 6.7. Within the slip zone (−L < x < 0), the complex integral assumes the form given

by (Eq. 6.37)

N+(x) =
sin(πq)

π
e−iπq

[
(−x)1−q(x+ L)q

∫ 0

−L

τ(w)− τ0
(−w)1−q(w + L)q(w − x)

dw + iπ[τ(x)− τ0]
]

(6.37)

where N+(x) is a complex expression containing a real integral. Euler’s formula may then be applied

to Eq. 6.37 in order to extract the real and imaginary parts of the complex expression, given by

<[N+(x)] =
1
π

sinπq cosπq(−x)1−q(x+ L)q
∫ 0

−L

[τ(w)− τ0]
−w1−q(w + L)q(w − x)

dw + sin2πq[τ(x)− τ0]

(6.38)

=[N+(x)] =
−1
π

sin2 πq(−x)1−q(x+ L)q
∫ 0

−L

[τ(w)− τ0]
−w1−q(w + L)q(w − x)

dw + sinπq cosπq[τ(x)− τ0]

(6.39)

Recall that value of q (Eq. 6.32) can be readily calculated for any supershear experiment assuming

that the elastic wave speeds are known and the rupture speed Vr is accurately determined during

the time period of interest. It has also been shown that <N+(x) and =N+(x) can be experimentally

determined through Eqs. 6.21 and 6.15 using simultaneous FN and FP particle velocity measurements

conducted at a point positioned close to the fault. Assuming that each of these quantities are

accurately determined, Eq. 6.38 and Eq. 6.39 effectively constitute a system of two equations in two

unknowns, where the unknown quantities correspond to τ(x) and the real integral expression, which

is evaluated across the slip zone (−L < x < 0).

Solving the system of equations recovers the same solution for τ(x) given by Eq. 6.33

τ(x)− τ0 = <N+(x) + cot(πq)=N+(x)

It is interesting to contrast the two solution paths which both lead to Eq. 6.33 (and hence Eq. 6.34).

The first solution path for τ(x) was based upon Eq. 6.30 which emerged as a solution to the mixed

boundary value through enforcement of the boundary condition σyy(−∞ < x <∞, 0) = 0. The
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Figure 6.6: Coefficient C in Eq. 6.46 plotted as a function of the normalized rupture speed Vr/Cs

second solution path for τ(x) relies solely upon N(z) which in turn traces back to the shear

traction boundary condition σxy(−L < x < 0, 0) = τ(x) − τ0 from which the Hilbert problem was

originally formulated. The two seemingly independent derivation paths lead to the same result.

Finally, note as well that the simultaneous solution of Eqs. 6.38, 6.39 also provides a means of

evaluating the real integral

I+(x) =
1
π

(−x)1−q(x+ L)q
∫ 0

−L

τ(w)− τ0
(−w)1−q(w + L)q(w − x)

dw (6.40)

which is common to both expressions. Solving the simultaneous pair of equations yields s

I+(x) = cot(πq)<N+(x)−=N+(x) (6.41)

The result is simply noted in the event that there is a useful physical interpretation associated with

this integral expression.
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6.0.9 Determination of τ(x) − τ0 within a sub-Rayleigh slip zone (−L <

x < 0)

(Bhat, 2012) has recently derived an analogous near-fault stress field solution which is applicable to

sub-Rayleigh rupture velocity fields. From (Rice et al., 2005) we have M(z) (which is the same as

N(z) from (Dunham and Archuleta, 2005) when you set q = 0.5)

M(z) = − 1
π
z1/2(z + L)1/2

∫ 0

−L

τ(w)− τ0
(−w)1/2(w + L)1/2(w − z)dw (6.42)

τxy = τ0
0 +

1
D

{
4αsαp<M(zp)− (1 + α2

s)
2<M(zs)

}
(6.43)

where D = 4αsαp − (1 + α2
s)

2 is the Rayleigh function. (Bhat, 2012) has extended these result for

velocity fields and shown that

u̇x = − vr
µD

{
2αs=M(zp)− αs(1 + α2

s)=M(zs)

}
(6.44)

u̇y = − vr
µD

{
2αsαp<M(zp)− (1 + α2

s)<M(zs)

}
(6.45)

It becomes immediately apparent by inspection that τ(x) and u̇y are virtually identical in form

apart from differences in their respective scaling factors. The nature of the stress field solution

within the sub-Rayleigh rupture pulse slip zone is examined by considering the limiting form of

these expressions as the observation point approaches the fault, in which case lim
y→0±

(z) = x implies

zp = zs = (x, 0±) and lim
y→0±

M(zp) = lim
y→0±

M(zs) = M±(x). This leads to the remarkable result

given by Eq. 6.46 that the limiting form of τ(x) at the fault is a scaled replicate of u̇y(x, 0±).

τxy − τ0 = C(µ, vr, Cs, Cp)u̇y (6.46)

where

C =

{
−µD

vr[2αsαp − (1 + α2
s)]

}
. (6.47)
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As an example we may consider µ = 30 GPa, ρ = 2700 kg/m3 we get Cs = 3.3 km/s and Cp = 5.8

km/s, which then leads to the plot of C vs. Vr/Cs plotted in Figure 6.6.

6.0.10 Dynamic stress measurements in laboratory earthquake experi-

ments

Dynamic stress estimates are obtained from laboratory earthquake particle velocity records by in-

voking a local steady-state argument which assumes that the rupture speed swept across the mea-

surement station at constant speed. The analysis also takes advantage of the 6 µs (nominal) time

interval following the arrival of the supershear rupture during which no S-waves arrive from the

specimen boundaries and nearly semi-infinite conditions prevail (Section 3.10). The observation

window is also generally greater than the temporal width of a supershear slip-pulse or at the very

least envelopes the primary portion of the resulting supershear particle velocity profile. Application

of Equations 6.24 and 6.34 within the observation window yield estimates for the normal stress

σxx(x, 0±) and the shear stress distribution τ(x, 0) within the supershear slip zone (−L < x < 0),

where L represents the length of the supershear pulse. The method may also be applied to crack-like

ruptures under the additional assumption that the locally steady-state portion of the record which

is analyzed represents only a small fraction of a much longer supershear pulse width which extends

well beyond the observation window. Note that the final result in either case can either be expressed

in terms of time (i.e., temporal evolution form) or distance (i.e., spatial distribution form) since time

and space are interchangeable under the steady-state assumption and the Galilean transformation

x = X − Vrt.

Simultaneous near-fault particle velocity records are obtained using a FN/FP fiber-optic probe

arrangement such as the one depicted in Figure 6.1. Particle velocity records are typically acquired

at 2.5 Gs/sec, which translates to 0.4 ns per data point. A 6 µs time interval selected from the

record is composed of 15 K data points and is thus well sampled. Particle velocity measurements

are complemented by synchronized high-speed photoelastic images of the supershear rupture and

it’s surrounding maximum shear stress field. The Cordin 220 gated-intensified camera used in the



244

experiments features inter-frame times ranging from 10 ns− 10 ns and exposure (integration) times

ranging from 10 ns − 1 ms. A total of 16 image frames are acquired during an experiment with

typical inter-frame times in the range of 1−4 µs and exposure times of 50 ns. An accurate estimate

of the rupture speed Vr is obtained either by analyzing the position versus time of the supershear

rupture tip or through measurements of the shear Mach front angle. Images of the leading P- and

S-wavefronts also provide a direct estimate of the elastic wave speeds Cs and Cp, and thus all of the

elastic constants which are required by the stress-velocity relationships (Eqs. 6.24, 6.34).

The new technique also enables the investigation of dynamic friction in laboratory earthquake

experiments. The measurement of τ(x) − τ0 within the supershear slip zone, coupled with an

independent measurement of the resolved normal and shear tractions (σ0
yy and τ0) imposed on the

fault, enable the direct characterization of the dynamic coefficient fd = τ(x)/σ0
yy. Other frictional

faulting relationships such as the variation of τ(x) (or fd) with the accumulated slip ∆u(t) or

it’s dependency upon the rate of slip (∆u̇x) are also directly obtained from the particle velocity

measurements.

The dynamic stress measurement technique as presented is not necessarily restricted to the use

of transparent, photoelastic materials such as H-100. Alternative high-speed imaging techniques

may also be considered such as Digital Image Correlation (DIC) (Sutton, 2008) in the event that

opaque materials such as crustal rock are investigated. Fiber optic laser interferometers may also be

complemented by an array of closely spaced strain gages or piezoelectric sensors positioned close to

fault which can be used to track the rupture at these locations and thus provide a reliable estimate

of the rupture speed history (Wu et al., 1972; Schubnel et al., 2011). P- and S-wave speeds may

also be determined in a similar manner assuming that the bonded transducers are sensitive to the

arrival of the elastic wavefronts.

Finally, the 2D stress-velocity relationships need not be limited to laboratory earthquake inves-

tigations but are perhaps even applicable to seismological ground motion records obtained close to

a fault during a supershear earthquake. This would also assume that depth effects play a minor

role and that the ground motion records are largely a consequence of the local rupture field. Such
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lowed by crack-like trailing sub-Rayleigh rupture

a scenario could provide an unprecedented opportunity to investigate frictional faulting processes

within the Earth’a shallow crust.

6.0.11 Dynamic stress and friction investigations of a supershear slip-

pulse (exp010-014)

Figure 6.7 summarizes the particle velocity records obtained from a laboratory earthquake experi-

ment (exp10-014) which resulted in a supershear slip-pulse. The experiment was conducted under

a static-compressive load of P = 29 MPa using a traditional 6′′ × 6′′ × 0.375′′ H-100 specimen with

a fault angle α = −26◦. Three particle velocity probe beams were used to produce simultaneous

near-fault recordings of the fault-parallel components u̇x(40, 0+), u̇x(40, 0−) and the fault-normal
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component u̇y(40, 0+). Note that the ± designation is not critical in the case of the FN component

since the sign of u̇y does not change across the fault. In cases where the ± sign convention is used

for u̇y, it is merely to designate the side of the fault where the measurement was conducted. The

near-fault particle velocity records are interpreted and analyzed using Eqs. 6.24 and 6.34 in order

to estimate σxx(40, 0+) and τ(40, 0) from the slip-pulse portion of the particle velocity records.

The photoelastic image displayed in the upper-left panel of Figure 6.7 was acquired at t =

37 µs and corresponds to the first of eight image frames that were acquired by the second high

speed camera. The first eight image frames were unfortunately not obtained due to an equipment

malfunction of the first high-speed camera and so the sub-Rayleigh-to-supershear transition was not

recorded. The labeled near-fault measurement stations at (40, 0+) mm and (40, 0−) mm and the

hypocenter at (0, 0) provide a length scale calibration for the image displayed in Figure 6.7. An

expanded view of the image reveals a small, circular caustic zone which identifies the position of the

supershear (ss) rupture front (tip). Looped fringes reveal the concentrated dilatational field which

circulates and extends out beyond the supershear rupture tip. The trailing sub-Rayleigh rupture tip

is also identified by a caustic zone between the prominent field lobes which extend to either side of

the fault.

The first image acquired at t = 37 µs reveals the supershear rupture positioned well beyond the

measurement stations at (40, 0±) mm. A normalized rupture speed estimate of Vr/Cs = 1.73± 0.03

was obtained from the angle of the shear Mach front on the lower (extensional) side of the fault.

An average supershear rupture speed estimate was also obtained by tracking the position of the

caustic zones within each of the high-speed image frames. The resulting position-time plot of the

supershear rupture is displayed in Figure 6.8. The five data points which define the curve correspond

to the position of the rupture tip at t = 37, 41, 45, 50, and 55 µs. The dashed blue line represents

a best-fit line to the data and is represented by the linear relationship x = 2.18t− 31.95. A strong

linear fit to the raw data (R2 = 0.99987) also implies that the supershear rupture speed remained

reasonably constant throughout the extended time interval. The resulting slope of the best-fit line

(Vr = 2.18m/s) corresponds to an average normalized rupture speed of V̄r/Cs = 1.70, which just falls
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Extrapolation to t = 31.75 µs (onset of sliding) reveals how the rupture tip (caustic) had not yet
reached (40, 0) mm at this time.

within the error bound for the rupture speed estimate obtained from the Mach angle measurement

in the t = 37 µs image frame.

The extrapolation of the best-fit line to x = 40 mm indicates that the supershear rupture

tip crossed the measurement stations at t∗ = 33.0 µs. The estimate is bounded by considering the

earliest and latest possible times that the supershear rupture tip could have crossed the measurement

station based upon its position at x = 48.439 mm, as determined from the t = 37 µs image frame.

The upper bound is obtained by assuming an average rupture speed of V̄max = 2Cs (however

unrealistic) as the rupture traversed from x = 40 mm → x = 48.439 mm. A simple calculation

then yields a station crossing time estimate of tupper = 33.7 µs. A lower bound on the estimate is

similarly obtained by assuming V̄max =
√

2Cs as the rupture traversed the interval, which leads to

a station crossing time estimate of tlower = 32.35 µs. Bearing these two extremes in mind leads to

a conservative station crossing time estimate of t∗ = 33± 0.7 µs.

Near-fault particle velocity traces acquired during the experiment are displayed in the remaining

three panels of Figure 6.7. The dashed vertical lines in each of the plots represent the estimated
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arrival times of the leading P-wave, S-wave, and the trailing sub-Rayleigh rupture at (40, 0) mm.

A black triangle positioned at t = 37 µs marks the time at which the photoelastic image in the

upper-left panel was obtained. Fault-parallel velocity records (FP+ and FP−) are displayed in the

lower-right panel. The most obvious and striking feature exhibited by the records is the supershear

slip-pulse highlighted within the rectangular shaded region. The same corresponding time interval

is highlighted in the FN plot depicted in the lower-left panel. The dominance of the FP component,

and the noted sign of the velocity jumps within the shaded regions of each respective record, are

consistent with that of a stable (
√

2Cs < Vr < Cp), right-lateral, supershear slip-pulse propagating

to the right (Figure 6.4b). The stable rupture speed scenario revealed by the particle velocity records

is also consistent with the normalized rupture speed estimate (Vr/Cs = 1.72±0.02) inferred through

the analysis of the high-speed image sequence. The absence of any strong secondary supershear

signals may be related to the fact that the supershear transition occurred so late in the experiment.

It is also possible that secondary signals are superimposed upon the sub-Rayleigh portion of the

record. This is largely inconsequential to the experiment since the supershear slip-pulse is the

primary focus of the investigation.

The slip velocity ∆u̇x(40, 0) is plotted in the upper-right panel of Figure 6.7. The curve was

obtained by subtracting the two antisymmetric records in accordance with Eq. 6.1. The resulting

curve displays the supershear slip-pulse (highlighted within the shaded region), followed by a crack-

like interfacial sliding signature of the trailing sub-Rayleigh rupture. A close examination of the plot

reveals that the onset of slip occurred near t0 = 31.75 µs. The supershear slip-pulse curve exhibits a

very gradual and steady increase until t = 34.3 µs at which point a steep velocity jump is suddenly

registered and the relative sliding rises to a peak value of 17.5 m/s in the course of 1.4 µs. The sharp

velocity increase is then immediately followed by a rapid deceleration along the tail end of the slip

pulse leading to momentary healing of the fault surfaces at t = 37.4 µs. The slight overshoot below

0 m/s s an artifact due to the slight differences between the two records and is clearly unphysical

as it would otherwise imply a reversal of the sliding direction.

The photoelastic images in Figure 6.9 show the local supershear rupture fields and the rupture
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Figure 6.9: (a) Expanded views of photoelastic images from supershear experiment (exp10-014) reveal
the prominent dilatational field lobes extending out beyond the primary rupture tip which perturb the
fault in advance of the primary rupture (b) Numerical simulation of photoelastic field obtained using
ABAQUS validates and highlights the primary features of the supershear rupture field observed in
experiments (c) Magnified view of the fault-parallel traces highlights the onset of slip and gradual
ramping of the interfacial sliding speed prior to the arrival of the primary supershear rupture

tip positions at t = 37 µs and t = 41 µs. The high-speed image frames are well synchronized with

the particle velocity records as can be seen by noting how the first maxima at t = 38.7 µs in the

sub-Rayleigh portion of the particle velocity records correlates with the estimated station crossing

time of the sub-Rayleigh rupture in the vicinity of t = 39 µs. The leading dilatational field lobes

are identified in the images by the looping fringes which appear to circulate around the supershear

rupture tip.

The contour plot on the right in Figure 6.9 was obtained from a 2D plane stress finite element

simulation using a commercial code, ABAQUS. The simulation was conducted for the model material

(Homalite-100) and assumed a slip-weakening frictional constitutive description with Dc = 10 mm,

fs = 0.8, and fd = 0.2 (Bhat, 2012). The numerical simulation is included alongside the photoelastic
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images in order to validate and highlight the primary features of the supershear rupture field, namely

the sub-Rayleigh and supershear rupture fields and the dilatational field lobes which exhibit a similar

form in the immediate vicinity of the supershear rupture tip.

The curves displayed in the lower-right panel of Figure 6.9 correspond to an expanded view of

the antisymmetric FP+ and FP− velocity traces. The expanded records reveal how the FP+ and

FP− curves undulated and shifted together from 27.6 µs→ 31.75 µs prior to the onset of slip. Note

how this portion of the particle velocity records is naturally cancelled out in the slip velocity plot

depicted in Figure 6.7. The onset of slip at t = 31.75 µs, which was initially identified in the slip

velocity curve in Figure 6.7 corresponds to the labeled point in the plot where the curves clearly

begin to separate.

As previously discussed, the equation of the best-fit line in Figure 6.8 predicts a measurement

station crossing time of t∗ = 33.0 ± 0.7 µs. Recall as well that the estimate bound of ±0.7µs is

extremely conservative in this instance and that it is highly unlikely that the rupture swept the

station at either of the two rupture speed extremes form which the bounds were determined. It is

far more likely that the rupture swept across (40, 0) at a time much closer to t∗ = 33.0 µs, which

sits between the onset of sliding at t = 31.75 µs and the instant when the sharp velocity jump was

registered at t = 34.3 µs. Note as well how the extrapolation of the best-fit line to t = 31.75 µs

(onset of sliding time) in Figure 6.8 reveals that the supershear rupture tip had not yet reached the

measurement station at this time.

The results collectively imply that the onset of slip and the gradual, steady increase of the

sliding speed observed prior to the sharp jump at t = 34.3 µs must therefore be linked to the

leading dilatational field which perturbs the fault in advance of the primary rupture. The primary

supershear rupture immediately follows to induce additional preliminary sliding before the fault

surfaces ultimately give way and the sharp slip velocity pulse is registered.
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accompanied by the FP and FN particle velocity records corresponding to the supershear slip-pulse
recorded in exp10-014.

6.0.12 Estimates of σxx and τ obtained from the supershear slip-pulse

particle velocity records

The stress-velocity relationships given by Eqs. 6.24 and Eq. 6.34 were applied to the supershear slip-

pulse portion of the particle velocity records in order to investigate the frictional faulting process.

The time interval ∆t = 5.69 µs spanning between t0 = 31.75 µs and t = 37.44 µs was selected as the

observation window for the dynamic stress analysis. The plots in Figure 6.10 display the resulting

profiles of the normal stress component σxx and the shear stress τ at the near-fault location. The

resulting curves are accompanied by the fault-parallel and fault-normal particle velocity records

u̇x(40, 0+) and u̇y(40, 0+) from which they were derived.

The time axis in Figure 6.10 corresponds to t
′

= t− t0 where t represents the time in the original

records and t0 = 31.75 µs corresponds to the onset of slip as previously discussed. The final point

in the interval tf = 5.69 µs corresponds to the end of the slip pulse at t = 37.44 µs. An equivalent

steady-state length scale corresponding to x = Vrt, where Vr = 1.7Cs, is also displayed along the

top of the plots. Note as well that the scale of the vertical axis applies equally well to velocity in

(m/s) and stress in (MPa).
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Before conducting the stress analysis it was noted that the original particle velocity records were

each slightly biased away from 0 m/s at t = 31.75 µs. Two distinct perturbations of the velocity

records occurred prior to the onset of slip. The first perturbation of the records commencing at

t = 21µs and is likely attributed to the near-field disturbance stemming from rupture nucleation,

which was previously addressed in Section 4.2.2. A second, slightly stronger perturbation of the

records commencing at t = 27.5 µs is characterized by a pulse-like undulation of the FP+ and FP−

curves leading up to the onset of slip at t = 31.75 µs. The FN particle velocity begins to steadily

decrease at t = 29 µs coinciding with the time at which the pulse-like undulation in the FP records

reaches its peak. The latter perturbations are not tyically observed in typical laboratory earthquake

experiments and may be a residual effect of the supershear transition which occurred just prior to

the time during the which the measurements were obtained. The noted perturbations resulted in

a bias of −0.9813 m/s in the FN record and 0.4446 m/s in the FP record at t = 31.75 µs. A

decision was made to eliminate the initial bias and shift each of the particle velocity records such

that u̇x(40, 0+) = u̇y(40, 0) = 0 m/s at t0 = 31.75 µs. The bias-adjusted particle velocity records

corresponding to the slip-pulse portion of the experimental record are displayed in Figure 6.10.

Figure 6.10 displays a plot of σxx and τ corresponding to the slip-pulse portion of the supershear

record as determined by Eqs. 6.24 and 6.34. The calculations assumed a rupture speed of Vr =

2176 m/s (recall Vr/Cs = 1.7) and a shear modulus value of µ = 1.96 GPa for H-100 as determined

from the shear wave speed measurements. The dashed vertical lines positioned at t = 1.25 µs in

each of the plots mark the estimated arrival time of the supershear rupture tip at the measurement

stations (40, 0±) mm. The two resulting stress pulses appear naturally synchronized, as they should

be, with the slip velocity pulse depicted in Figure 6.7.

The points labeled A and B in each of the plots highlight the initial period during which an

initial, gradual ramping of the shear and compressive stresses is observed. The observed increase

naturally correlates with the initial steady ramping of the sliding speed exhibited by the slip velocity

plot in Figure 6.7 and the expanded plot of the antisymmetric FP traces in Figure 6.9. A 16.4%

increase of the shear stress is registered as the stress level climbs from an initial level of σ0
xy =
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11.48 MPa (resolved shear traction imposed by the static-compressive load) to a peak value of

τmax = 13.36 MPa at t = 2.75 µs. The compressive undergoes a slightly more modest increase of

3 MPa during the same time interval.

Note, as was previously observed in the FP records, that the initial peak in the shear stress curve,

and the sharp slope change exhibited by compressive stress at the points labeled B, occur well after

the arrival of the supershear rupture tip at (40, 0) mm. Both curves then undergo a precipitous drop

in stress commencing at point B which also naturally coincides with sudden the sharp jump in the

slip velocity. The initial behavior exhibited by the shear stress curve suggests that sliding is initially

resisted by the fault surfaces, until a critical fictional strength limit is reached, at which point the

surface traction rapidly drops and the sliding speed abruptly increases. A simultaneous jump in the

compressive stress immediately follows in response to the sharp velocity jump registered by the FP

component.

The resulting compressive stress-pulse reaches a peak value of σmaxxx = −27 MPa (point C)

which is comparable in the magnitude to the initial static-compressive load (P = 29 MPa). An

extensional stress (σxx >) of the same magnitude and temporal width must therefore be registered

at (40, 0−) mm on the opposite side of the fault. It is perhaps not surprising then that a series of

wing cracks running nearly perpendicular to the fault were observed and noted in the extensional

quadrant on the other side of the specimen (opposite side with respect to the hypocenter). It is

entirely conceivable that the left-traveling supershear rupture exhibited a stress pulse of comparable

or slightly greater magnitude and that the peak extensional stress either exceeded the spall strength

of the H-100 specimen or triggered pre-existing flaws to grow at the location where the cracks were

observed. Unfortunately, this region was well outside of the camera’s field of view and so it was not

possible to record the left traveling (bi-lateral) supershear rupture and the mode I cracks as they

were nucleated.

The steepest drop in the shear stress curve between the points labeled B and C correlates with

the sharp velocity increase registered by the steepest portion of the FP+ record. A noticeable

change in the slope of the shear stress curve is also observed between the points labeled C and
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Figure 6.11: Temporal evolution and spatial distribution of the dynamic coefficient of friction fd

obtained from supershear slip-pulse in exp10-014

D as the the shear stress approaches its minimum value of τmin = 5.5 MPa at t = 4.338 µs

(relative distance = 9.42 mm). The noted drop in stress corresponds to a 52 % drop compared to

the resolved shear traction of σ0
xy = 11.5 MPa, and a 59 % drop compared to the peak shearing

resistance level at point B. The shear stress begins to rapidly recover after this point. Note as

well how the recovery which commences at point D does not coincide with the time at which the

FP+ reaches its peak but matches up instead with point D
′

in the FN record well after the FP has

already begun to slow down.

The steep monotonic increase of the shear traction between the points labeled D and E naturally

correlates well with the steep negatively sloped portions of then FP record along the tail end of the

slip-pulse. Note how the shear traction momentarily reaches a peak value at point E which is

comparable to the prior peak value of the shear traction observed at point B. The shear stress curve

then takes a final small downturn from point E on its way to a nearly complete recovery as FN

particle velocity exhibits a final positive increase toward 0 µs.

Figure 6.11 depicts a plot of the dynamic friction coefficient fd. The result is obtained by
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simply scaling τ by the resolved normal traction σ0
yy = P sinα cosα where P represents the static

compressive load and α represents the specimen fault angle. In the case of supershear experiment

(exp10-014), a static-compressive load of P = 29 MPa and a specimen fault angle α = −26◦

translate to a resolved normal traction σ0
yy = 23.54 MPa.

The evolution of the dynamic friction coefficient naturally exhibits all of the same general features

which were previously described in relation to the plot of τ in Figure 6.10. The value of the friction

coefficient starts out at f0
d = 0.487, which naturally corresponds to tan 26◦. Note that the plot starts

out at this value as a result of the initial bias correction and that the initial value would otherwise

be different had the initial bias not been eliminated from the particle velocity records. An increase

of the friction coefficient was registered between points A and B during the initial ramping period

which resulted in a 16.6% increase to a peak value of fd = 0.568 at t = 2.75 µs. This was immediately

followed by an abrupt reduction of the friction coefficient as the initial shearing resistance of the fault

surfaces was overcome. The friction coefficient dropped by 59 % to a minimum value of fd = 0.231

at t = 4.338 µs, which is labeled as point D in Figure 6.11. The curve then rapidly climbed to a

peak value of fd = 0.584 at point E as the frictional resistance was recovered. Note that the value of

the friction coefficient at point E is only slightly higher than the previous peak value of fd = 0.568

registered at point B. The curve then took a final downturn and terminated at the point labeled F

corresponding to the end of the slip-pulse. The final value of fd = 0.482 represents a nearly complete

recovery of the frictional strength.

Figures 6.12a and 6.12b examine the relationship between the slip velocity and shear stress

distribution within the supershear slip zone. The dashed black vertical line positioned at t = 1.25 µs

in the plots denotes the estimated supershear rupture arrival time as previously noted. Note that

the slip velocity function displayed in Figure 6.12a was obtained using Eq. 6.2 and thus slightly

overestimates the peak slip velocity. The resulting curve is otherwise identical in all respects to the

original slip velocity function displayed in Figure 6.7. The dashed green vertical line positioned at

t = 3.95 µs in Figure 6.12a denotes the time when the peak sliding speed was registered and the

sliding speed began to rapidly decrease along the healing phase of the supershear slip-pulse.
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Figure 6.12b depicts a plot of the shear stress vs. the slip velocity. The blue portion of the curve

represents the stress vs. slip velocity relationship along the rising portion of the supershear slip-

pulse. The starting point naturally coincides with the onset of slip as labeled in the figure. Velocity

strengthening behavior is observed during the initial, gradual, ramping profile labeled between the

points A and B in Figures 6.10 and 6.11. The curve then changes slope and begins a long decrease

until it intersects the horizontal dashed green line which marks the point at which the slip velocity

reached its peak value of nearly 20 m/s. The relationship between the shear stress and the slip

velocity along this portion of the curve represents velocity weakening behavior exhibited by the

H-100 fault surfaces.

The evolution of the shear stress corresponding to the tail (falling edge) of the supershear slip

pulse is represented by the red portion of the curve in Figure 6.12b. The sharp change in slope

between the green and red curves simply corresponds to the peak of the slip velocity curve and

the point at which the velocity begins to rapidly decrease. The initial short segment of the red

curve reveals how the shear stress continued to drop by approximately 0.5 MPa even as the slip

velocity was already rapidly decreasing, i.e., velocity weakening behavior continued. The curve then

briefly levels out and transitions to a velocity strengthening phase. A rapid recovery of the frictional

strength is observed which corresponds with the portion of the curve between the points D and E

in the shear stress curve (Figure 6.10). The shear stress ultimately peaks at point E in Figure 6.10

and then reverses slope one last time into a final velocity weakening phase where it then gradually

decreases toward a nearly complete recovery of the initial resolved shear traction τ0 = σ0
xy.

Figures 6.12c and 6.12d examine the relationship between the accumulated slip and shear stress

distribution within the supershear slip zone. The accumulate slip curve displayed in 6.12c was

obtained through numerical integration of the slip velocity function plotted in Figure 6.12a. A total

accumulated slip of 36.2 µm resulted from the passage of the supershear slip pulse at (40, 0). As with

the previous plots, the dashed black vertical lines positioned at t = 1.25 µs denote the estimated

supershear rupture arrival time at (40, 0) mm. The dashed green lines denote the point within each

plot corresponding to the peak in the slip velocity.
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Figure 6.12: (a) Superimposed plots of the shear stress distribution and slip velocity corresponding
to the supershear slip-pulse from exp10-014 (b) Plot of shear stress vs. slip rate (c) Superimposed plots
of the shear stress distribution and accumulated slip corresponding to the supershear slip-pulse from
exp10-014 (d) Plot of shear stress vs. accumulated slip

A plot of the shear stress vs. the accumulated slip is displayed in 6.12d. The initial positively

sloped segment leading to the peak shear stress τmax = 13.36 MPa corresponds to the previously

noted velocity-strengthening phase observed during the first 2.5 µs of the experimental records.

Note how only 2.2 µm of slip was accumulated as the frictional resistance built up to its initial peak

value. Each of the observed slope changes and the overall character of the curve are easily reconciled

by appealing to the previous descriptions regarding the temporal evolution and spatial distribution

of the shear stress.
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