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Abstract We experimentally and analytically explore supershear ruptures that are excited at the onset of
frictional motion within “bimaterial interfaces,” frictional interfaces formed by contacting bodies having
different elastic (or geometric) properties. Our experiments on PMMA blocks sliding on polycarbonate show
that the structure, transition sequence, and range of existence of such supershear ruptures are highly
dependent on their propagation direction relative to the slip direction in the softer of the two materials.
These properties are characterized for both the positive (parallel) and negative (antiparallel) propagation
directions. An analytic, fracture‐mechanics based description of supershear ruptures is derived. The theory
quantitatively predicts both supershear structure and the allowed propagation range of supershear ruptures.
The latter compares well with both the experimentally observed supershear ruptures in the negative
direction as well as localized slip pulses in the positive direction, whose propagation speed lies between the
shear velocities of both materials. Supershear ruptures in the positive direction, which are composed of
trains of propagating slip pulses, evade this theoretical description.

1. Introduction

Frictional motion of contacting bodies will take place once the frictional resistance between the two bodies is
overcome by applied external forces. The source of this resistance is due to the points of contact (asperities)
across the interface that separates the contacting bodies. At the onset of frictional slip, not all of these con-
tacts detach simultaneously. Indeed, the onset of slip is governed by propagating rupture fronts (Ben‐David
et al., 2010; Rosakis et al., 1999; Rubinstein et al., 2004; Shlomai & Fineberg, 2016) that break contacts at the
front's leading edge. Local slip is only initiated in their wake. In the particular example of contacting tectonic
plates, these propagating ruptures are also identified (Ben‐Zion, 2001; Scholz, 2002) with the onset of earth-
quake dynamics.

This paper focuses on ruptures that propagate faster than shear wave speeds (“supershear”) within frictional
interfaces composed of elastically different materials (bimaterial interfaces). The work presented here is both
experimental and theoretical. Supershear ruptures are important in that both their signatures and their
increased potential to generate damage along natural faults are quite different than subshear ruptures.
These ruptures have been fairly well studied in the context of “homogeneous interfaces” (where the frictional
interface is bounded by identicalmaterials), but relatively little experimental or theoretical work has been
performedwhen their propagation takes place within bimaterial interfaces. As wewill explain in this section,
bimaterial interfaces are both very general and have rather unique characteristics. These interface properties
will give rise to correspondingly unique rupture fronts, when bimaterial interfaces start to slip. The focus of
the work presented here will be to provide an in‐depth description of bimaterial supershear ruptures. While
previous work has shown that such ruptures exist (Shlomai & Fineberg, 2016; Xia et al., 2005), mainly qua-
litative observations were provided. Here, through experiments, we will present, for the first time, the rather
interesting properties and structures of this class of ruptures and demonstrate how these critically depend on
their directionality. We will additionally describe how they transition from either rest or subsonic ruptures.
Our accompanying theoretical analysis will provide the first explanation of how and why different modes of
bimaterial ruptures are dynamically limited to narrow ranges of propagation velocities.

In the introductory section, we first present a rather comprehensive review of the work that has been per-
formed both in bimaterial and homogeneous interfaces. We believe that such a broad introduction is
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necessary in order to understand the general context of our results. We will then present new experimental
results describing rupture characteristics in this important regime. This description will be followed by a
new theoretical analysis for ruptures in this regime. Our theoretical results will then be compared to the
experiments. In the final section, we discuss these results and their overall significance.

For clarity, we would like to define some of the terms in use within this paper, to avoid any ambiguity. When
we refer to “stable” ruptures, we mean that such ruptures are mathematically stable; the ruptures are sus-
tained (steadily propagating or even growing) but do not change their character. When a rupture mode
becomes “unstable,” we mean that the mode changes its character (or bifurcates). For example, a subsonic
rupture could lose its stability (become unstable) and transition to either supershear ruptures or slip pulses.
We define a “steady‐state” rupture as one that propagates without changing either its mode of rupture or
propagation velocity.

1.1. Ruptures Along Homogeneous Interfaces

When frictional interfaces separate identical materials (homogeneous interfaces), recent experiments have
demonstrated (Bayart et al., 2016a, 2016b; Svetlizky & Fineberg, 2014; Svetlizky, Bayart, et al., 2017;
Svetlizky, Kammer, et al., 2017; Svetlizky et al., 2016) that frictional rupture fronts propagating at velocities
less than the Rayleigh wave speed, CR, are identical to dynamic shear cracks—although, theoretically, the
form of frictional ruptures could be influenced by friction laws (Barras et al., 2020). Shear cracks, which
are quantitatively described in the framework of linear elastic fracture mechanics (LEFM) (Freund, 1990),
have characteristic singular stresses at their tips having the universal form σij∝ K Σij(Cf,θ) / r

1/2. Here,
(r,θ) are polar coordinates with their origin at the crack tip, K is the dynamic stress intensity factor, and
Σij is a known function of the instantaneous front velocity Cf and the polar angle θ.

Shear fractures are also able to propagate above CR. Within homogeneous media, ruptures propagating
between the shear wave velocity, CS, and the material dilatational velocity, CP, are coined “supershear” rup-
tures. They had, for many years, existed only in theory (Albertini & Kammer, 2017; Andrews, 1976; Broberg,
1994, 1999; Dunham & Archuleta, 2004; Liu & Lapusta, 2008; Liu et al., 2014; Mello et al., 2010). This situa-
tion changed dramatically over the past two decades (Ben‐David et al., 2010; Kammer et al., 2018; Mello
et al., 2016; Rosakis et al., 1999, 2007; Rubinstein et al., 2004; Svetlizky et al., 2020), as supershear ruptures
have been conclusively observed experimentally, once such measurements became technically possible.
Supershear ruptures will occur when the elastic energy stored in the stressed material is sufficiently high,
prior to the rupture onset (Ben‐David et al., 2010; Kammer et al., 2018; Rosakis et al., 2007; Svetlizky et al.,
2016; Wang et al., 1998; Xia et al., 2004). The transition to supershear ruptures can have extreme hysteresis,
however (Kammer et al., 2018), so that they may be triggered by fault roughness or geometry (Barras et al.,
2017; Bruhat et al., 2016; Dunham, 2007; Dunham et al., 2003; Liu & Lapusta, 2008) or even interactions with
free surfaces (Hu et al., 2019; Kaneko & Lapusta, 2010). Supershear earthquakes along natural faults have
also been, relatively recently, observed. Since the first such clear observations (Archuleta, 1984; Bouchon
et al., 2001; Bouchon & Vallée, 2003), increasing numbers of possible supershear earthquakes have been
revealed (Bao et al., 2019; Dunham & Archuleta, 2004; Wang et al., 2016).

1.2. Ruptures Along Bimaterial Interfaces
1.2.1. Symmetry Breaking and Bimaterial Coupling
Interfaces that separate materials that are not identical, either due to different elastic properties (Ampuero &
Ben‐Zion, 2008; Andrews&Ben‐Zion, 1997;Weertman, 1980) or even geometrical shape (Aldam et al., 2016),
are called bimaterial interfaces. Obviously, as most frictional interfaces in nature are bimaterial, frictional
dynamics along such interfaces are the most general form of friction. Many natural faults are effectively
bimaterial interfaces (Dor et al., 2008; Ma & Beroza, 2008; Langer et al., 2012; Lei & Zhao, 2009; McGuire
& Ben‐Zion, 2005). Bimaterial faults may be formed by contacting tectonic plates composed of different rock
types. They may also be formed dynamically from initially homogeneous natural faults, after hundreds of
years of accumulated slip or asymmetric damage zones on opposing sides of a fault (Dor et al., 2006).

Fundamental differences exist between ruptures along homogenous and bimaterial interfaces. The first clear
difference is that, since bimaterial interfaces separate materials with different elastic properties, there are
now two sets of shear waves and dilatational waves speeds in play. As a result, velocities and propagation
regimes may exist in addition to the sub‐Rayleigh and supershear velocity regimes of homogenous
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systems. We define Csof t
S ðCsof t

P Þ and Cstif f
S ðCstif f

P Þ as, respectively, the shear
(dilatational) wave speeds of the softer and stiffer materials. Supershear

ruptures are those which transcendCstif f
S > Csof t

S . A velocity regime unique
to bimaterial systems, called transonic velocities, occurs when rupture

velocities are faster than Csof t
S but slower thanCstif f

S . Furthermore, analogs
to Rayleigh waves (surface waves) along homogenous interfaces may or
may not exist along bimaterial interfaces. These bimaterial surface waves
are called generalized Rayleigh waves, CGR, and their existence depends
on the material contrast of the two media. In homogeneous media, CGR

become the familiar CR as the material contrast goes to zero.

The loss of up‐down symmetry in bimaterial interfaces, compared to
homogeneous ones, produces major consequences. Dynamic shear rup-
tures always generate local slip along crack faces while propagating. Let

us define u!ðx; yÞ as the displacement field within a 2‐D material, where
x is the direction along the propagation direction (along the interface)
and y the direction normal to an interface located at y¼ 0. Across bimater-

ial interfaces, so long as no interface separation takes place, uy is continuous across contacting faces, as are σxy
and σyy as in homogeneous interfaces. In contrast to homogeneous interfaces, bimaterial interfaces, by defi-
nition, are not symmetric around y¼ 0. As a result, there is no a priori reason for the ux displacements or slips,
∂tux, to be symmetric across the interface. This asymmetry gives rise to a purely elastodynamic effect that
relates the local slip velocity, vslip≡ ∂tux(x,0

+)− ∂tux(x,0
−), at each point x along a bimaterial interface to nor-

mal stress variations, Δσyy(x,0) at that point (0
± refer to y¼ 0 coordinates when approaching the interface

from below, y¼ 0−, or above, y¼ 0+) (Weertman, 1980). For a steady‐state rupture front propagating atCf<

Csof t
S , this coupling has the form

Δσyy x; y ¼ 0ð Þ ¼ μ∗ Cf
� � vslip

Cf
; (1)

where Δσyy is the deviation of the normal stress from the applied normal stress (Ben‐Zion, 2001). μ∗ is a
universal function of the rupture speed and the material contrast as well as other material parameters
(Ranjith & Rice, 2001; Rice et al., 2001) and can be analytically calculated. μ∗ may also depend on sample
geometry (Aldam et al., 2016, 2017). The coupling in Equation 1 between the local slip and the local nor-
mal stress variations along bimaterial interfaces is called bimaterial coupling. The coupling coefficient, μ∗,

generally increases significantly (Weertman, 1980) with Cf up to ∼ Csof t
S .

The sign of the variation Δσyy depends on the propagation direction of the rupture relative to the direction of
the slip velocity induced by the rupture. When the slip direction in the soft material and propagation direc-
tions are parallel, as illustrated in Figure 1, the propagation direction is called “positive.”When the slip direc-
tion in the soft material and propagation directions are antiparallel, the propagation direction is called the
“negative” direction. In the positive direction, bimaterial coupling as predicted by Equation 1 (strongly
decreased σyy and real contact area whose reduction depends strongly on local values of the slip velocities)
has been verified experimentally (Shlomai & Fineberg, 2016) and numerically (Andrews & Ben‐Zion, 1997;
Ranjith & Rice, 2001). Moreover, when, experiments also showed that bimaterial coupling gives rise to “slip
pulses,” rupture fronts that are characterized by regions of strongly localized slip rate at their tips (Shlomai &
Fineberg, 2016). We will differentiate between a “crack” and a “slip pulse” as follows. We define a crack as a
rupture with a singular tip where the stresses, σij, have the singular form σij∝ K · r−1/2, where r is the dis-
tance from their tip. The slip along the interface, δ(x)≡ ux(x,0

+)− ux(x,0
−), therefore, is spatially

extended. A slip pulse is a rupture front where the majority of the slip occurs at very short distances from
the rupture tip. Slip pulses do not possess the long power law (r1/2) tails of the displacement field that
characterize cracks. Slip pulse propagation velocities are thought to be limited by CGR when it exists
(Ben‐Zion, 2001) and was numerically found to be either the slower shear wave speed (Rubin &
Ampuero, 2007) or slightly higher than this value (Harris & Day, 1997; Scala et al., 2017), when CGR does
not exist.

Figure 1. Rupture propagation directions. Ruptures propagating parallel to
the slip direction of the softer material (right) are called ruptures in the
“positive” direction. Rupture propagating in the opposite (antiparallel)
direction (left) are defined as ruptures in the “negative” direction.
Rupture directions are schematically denoted by red arrows, whereas slip
directions in the soft material are denoted by blue arrows. In this paper, the
positive direction will always be shown as propagating to the right.
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More recent work (Shlomai et al., 2020) has looked more closely at how rupture fronts in the positive direc-

tion evolveinto slip pulses. This work found that, at Cf<Csof t
S , rupture fronts are well described by analytic

solutions for bimaterial “cracks,” which are analogous to the singular shear cracks observed within homo-

geneous interfaces. Slip pulses were only seen to exist at transonic velocities (experimentally,Csof t
S <Cf<1:04

Csof t
S ). New analytic solutions for this regime were derived that described both the form of the leading edge of

the measured slip pulses (described by σij∝ K · r−q where 0.1 < q< 1/2) and the allowed maximal propaga-
tion velocity for slip pulses. Slip pulses are only formed for values of Cf at which σyy is reduced by the slip at
the rupture tip; beyond the maximal velocity for slip pulses, σyy at all points along the interface will increase.
Moreover, Shlomai et al. (2020) associated slip pulse localization with interface separation, which was
numerically observed only when frictional coupling between σyy and σxy is enabled.

1.3. Predictions for Supershear Velocities
1.3.1. Theory
The main body of work on bimaterial supershear rupture velocities along bimaterial interfaces has been
either theoretical or numerical. These calculations are highly sensitive to the boundary conditions chosen,
and predictions can vary significantly. The main contributions to the current theoretical predictions of
supershear propagation velocities and directions include the following:

• Exact analytical solutions for supershear ruptures propagating along the positive direction with a contact
zone of size l behind the rupture tip (Wang et al., 1998). These calculations concluded that for any finite
value of constant friction, only ruptures with velocities of up to ∼

ffiffiffi
2

p
Csof t
S can exist.

• Analytic stability analyses of the bimaterial coupling (Cochard & Rice, 2000; Ranjith & Rice, 2001) pre-
dicts that stable frictional supershear ruptures can propagate only in the negative direction, at velocities
close to Csof t

P .
• Numerical observations of supershear velocities along bimaterial interfaces are highly correlated with

the imposed velocity propagation during the nucleation process. Depending on the nucleation process
and the prescribed friction law (Shi & Ben‐Zion, 2006), supershear ruptures at velocities close toCsof t

P have
been observed in the negative direction. Additionally, very rapid supershear ruptures have been
observed in the positive direction (Shi & Ben‐Zion, 2006) at velocities that approach the fastest sound

wave velocity Cstif f
P .

The variety of the supershear velocity predictions emphasize the importance of obtaining experimental
observations. These, however, have been quite sparse.
1.3.2. Experimental Observation of Supershear Velocities Along Bimaterial Interfaces
Only a few experiments have observed supershear ruptures along bimaterial interfaces. The observations of
bimaterial supershear ruptures include the following:

• In a PMMA‐steel system (Lambros & Rosakis, 1995b), triggering of supershear ruptures was achieved by
impact. The material contrast in these experiments was very high, and all of the observed cracks were dri-
ven by the metal side, when the rupture tip was also loaded by waves reflected by the steel specimen. In
this series of experiments, propagation velocities reached 1.5CPMMA

S . These experiments were followed up
by analytical solutions of elastic‐rigid interfaces (Lambros & Rosakis, 1995a, 1995b; Liu et al., 1995). In
experiments (Xia et al., 2005) with a smaller material contrast (formed by a polycarbonate‐homalite‐
100 interface), ruptures were triggered by an exploding wire situated within the interface. Here, super-
shear ruptures were observed only along the negative direction at velocities close to the slower P wave
velocity.

• Experiments (Shlomai & Fineberg, 2016) were also conducted where the nucleation of the supershear
ruptures was quasi‐static. In these experiments, conducted on a PMMA/polycarbonate system, a large
amount of elastic energy was stored prior to the spontaneous nucleation of supershear ruptures. These
experiments were the first to observe supershear ruptures in both the positive and negative directions with
very different velocity distributions in each direction. The Shlomai and Fineberg (2016) experiments also
studied the relative propensity of supershear ruptures. In the positive direction, the majority of ruptures
were slip pulses with supershear ruptures very rarely observed. In the negative direction, slip pulses were
not observed, and supershear ruptures were generally faster than those in the positive direction. These
propagated at velocities that were concentrated around 0:85Cstif f

P .
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1.4. The Transition to Supershear

Much research into supershear ruptures has focused on how subshear velocities can transition to supershear
velocities by surpassing asymptotic velocities, such as the Rayleigh wave velocity for homogenous systems,
or the limiting velocity for slip pulses (Shlomai et al., 2020). For homogeneous systems, the energy flowing
into the rupture tip is both conserved and positive up to CR. Beyond this asymptotic speed, the energy flux
becomes negative (Freund, 1990) until the rupture becomes supershear. As a result, ruptures are not
expected to smoothly accelerate from nucleation to supershear velocities through this energetically “forbid-
den” range of velocities. For bimaterial rupture, much effort has been devoted to determine an equivalent
subshear limiting velocity (Cochard & Rice, 2000; Ranjith & Rice, 2001; Weertman, 1980). An energetic
argument, however, that is in the same vein as for homogeneous systems remains elusive.

The most familiar mechanism that enables the transition to supershear velocities is via the well‐known
Burridge‐Andrewstransition mechanism (Andrews, 1976; Burridge, 1973). This mechanism suggests that,
ahead of a propagating rupture tip, at sub‐Rayleigh (for homogenous) or subshear (for bimaterial) velocities,
a secondary rupture can be nucleated by high‐amplitude shear stresses imposed by shear waves that are
radiated by the primary propagating rupture ahead of the rupture tip. Direct evidence of this mechanism
has been experimentallyobserved within homogenous interfaces by spontaneously nucleated ruptures
(Svetlizky et al., 2016).

In bimaterial systems, the transition to supershear has only been investigated by means of numerical simu-
lations (Langer et al., 2012), wherethe transition mechanisms from subshear to supershear ruptures (Langer
et al., 2012) in both propagation directions were compared. This work focused on the structure of the stress
fields around the rupture tips in both directions and studied how variations of the normal stress at the inter-
face impact both the ability to excite supershear rupture and the excitation mode in each direction. In the
negative direction, while the normal stress increases behind the subshear rupture tip, it is reduced ahead
of it. As a result, the interface is weakened in this region, making it easier for radiated shear stress waves
to trigger a secondary supershearrupture ahead of the rupture tip. In bimaterials, this transition mechanism,
while analogous to the Burridge‐Andrews transition mechanism (Langer et al., 2012), is facilitated by the
elastodynamically weakened interface ahead of the initial rupture tip. The transition gap to the supershear
rupture, defined as the length of the segment between the subshear rupture and the supershear rupture,
decreases with increasing material contrast. For a limited range of initial shear stresses, a smooth transition
to supershear rupture was observed—as the transition length had shrunk beneath the numerical resolution.
In this sense, these authors reported a smooth transition to supershear ruptures via the Burridge‐Andrews
transition mechanismin the negative direction.

In the work of Langer et al. (2012), a smooth transition was not observed along the positive direction. Here,
as opposed to the negative direction, the transition gap was seen to increase with material contrast. The nor-
mal stress field structure was such that, in the positive direction, the normal stress increased ahead of the
rupture tip and, thereby, increased the frictional resistance threshold. As a result, this mechanism sup-
pressed any possible continuous transition to supershear ruptures of the primary propagating rupture tip
in the positive direction.

2. Experimental System
2.1. Material Properties

Material shear, CS, and longitudinal, CP, wave speeds were obtained by measuring the time of flight of 5
MHz ultrasonic pulses. Due to the small wavelength (∼0.5 mm) of the ultrasonic pulses used, compared
to the dimensions of the measurement set‐up of the sound wave velocities, the measured CP¼ CP,strain cor-
responded to plane strain conditions (εzz¼ 0). The small z dimension (∼5.5 mm) of the friction experimental
set‐up implies plane stress (σzz¼ 0) conditions in our experiments. Hence, throughout the analysis of the
experiments, we will use CP¼ CP,stress for plane stress conditions. The generalized Rayleigh wave speed,
CGR, does not exist for the material contrast of PMMA‐PC system.

As both materials are viscoelastic, their elastic properties are effectively determined by the time scales that
are relevant to the experiment (Read & Duncan, 1981). For our measurements, the material properties were
determined by the 1–10 μs dynamic time scales in the vicinity of the propagating rupture tips. Thus, the wave
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speeds in our experiments are determined by the “dynamic” elastic moduli that are observed at short time
scales. The elastic properties and wave speeds of these materials are summarized in Table 1.

2.2. Loading Configuration

The experimental system used was that of Shlomai and Fineberg (2016) and presented schematically in
Figure 2. In the experiments described here, the top block was clamped at its top face, while the bottom block
was rigidly mounted at its bottom face within a stiff low‐friction linear translational stage. The contacting
faces of all blocks were diamond‐machined to optical flatness. Both blocks were first compressed with a nor-
mal force FN, which was varied between experiments throughout the range 2,000 N < FN< 6,000 N (∼2MPa
< σyy < 5MPa). External shear loads, FS, were then applied to the stiff translational stage, which was con-
strained in its movement only by the frictional resistance at the interface between the lower and upper
blocks. In this way, FS was spatially distributed along the entire length of the interface.

Both FN and FS were continuously monitored throughout the experiment by means of S‐Beam load cells (of
stiffness 106–107 Nm−1) in series with the loading apparatus. An optional rigid stopper of cross section 1 cm2

could be applied to the top block at x¼ 0, at a controllable height h, to constrain motion of this edge in the x
direction and control torquing. The application of the stopper thus introduced some elements of edge
loading.

2.3. Loading Trigger Nucleation

To explore a range of external loading conditions, the experiments were conducted using two distinct ways to
trigger rupture nucleation:

(1) FS was applied to the system quasi‐statically, at fixed FN, at loading rates between 4 and 15 N s−1 until
slip initiated. With this triggering method, ruptures generally nucleated within the quarter of the inter-
face closest to x¼ 0, either as a result of the edge loading by the stopper or reduced local normal force
resulting from induced torques.

(2) At the completion of a sequence of slip events, the residual FS was kept fixed, and FN was reduced at
loading rates between 40 and 60 N s−1, resulting in spontaneous rupture nucleation. This triggering
method, via unloading, yielded a wider distribution of nucleation locations along the interface than
in the former. In addition, these ruptures were generally more energetic than those that nucleated dur-
ing the applications of shear. The reason for this is that high‐shear strains were built up within the sys-
tem, as a result of prior slip events, while the compressive loads were high, since the corresponding
fracture energy (∝FN) was high (Bayart et al., 2018). When these trapped stresses were released upon
unloading, normal loads (with correspondingly lower values of fracture energy) were much lower at
rupture nucleation. As a result, ruptures nucleating via a reduction of normal load had much larger
ratios of released strain energy to fracture energy.

For both nucleation (triggering) methods, ruptures could simultaneously nucleate in both directions. While
rupture events occurred while either FS or FN were modified, the changes in FS or FN were sufficiently slow
so that their values were effectively constant during the 0.1–0.2 ms rupture propagation period.

2.4. Real Contact Area Measurements

Changes in the real contact area along the entire interface were measured by means of an optical method
based on total internal reflection. Basic principles are presented in detail elsewhere (Rubinstein et al.,
2006, 2009). A sheet of light created by a high‐power LED (CBT‐120), incident on the frictional interface
at an angle well beyond the critical angle for total internal reflection, was reflected everywhere except at
the contact points. This yielded an instantaneous transmitted light intensity that was roughly proportional
to Aðx; z; tÞ over the entire (x × z) 200 × 5.5 mm interface. The transmitted light was continuously imaged
(at a spatial resolution of 1,280 × 8 pixels) at 580,000 frames per second using a high‐speed camera,
Phantom v711, at 12 bit accuracy. Data acquisition was continuous with the data temporarily stored in a cir-
cular buffer large enough to acquire 7–13 ms of data, both before and after each event.

The frictional interface used was quasi‐1‐D, as its width (z direction), 5.5 mm, was much smaller than the
other dimensions of the block. The simultaneous measurements ofAðx; tÞ ¼ ⟨Aðx; z; tÞ⟩Z along the entire
1‐D interface were obtained by averaging of the acquired images over the 8 pixels in the z direction. The
noise level, after integration, was ≤1% of the signal.
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2.5. Rupture Front Velocity Cf Calculation

We define the rupture front locations, xtip, as the points whereAðxtipÞ ¼ 0:95A0ðxÞ, whereA0ðxÞ is the con-
tact area measured immediately prior to rupture nucleation. Steadily propagating ruptures with propagation
velocity Cf are defined as ruptures having no clear tendency to accelerate or decelerate over at least a region
of 50 mm. Cf (t) were obtained from differentiating xtip(t). Our precision in Cf (t), which was determined by
our 200 μm uncertainty in x, was less than 1%.

3. Experimental Results

We will now focus on experimental observations of supershear ruptures. When sufficient elastic energy is
stored within the system prior to nucleation, supershear ruptures will be excited (Ben‐David et al., 2010).
If nucleation takes place within the central portion of the interface, we will observe simultaneous rupture
propagation in both the positive and negative directions in both bimaterial and homogeneous interfaces.
In Figure 3, we present a typical such experiment, where supershear ruptures develop in both directions.

While supershear ruptures along bimaterial interfaces can be excited in both the positive and negative pro-
pagation directions, in each direction, these ruptures are quite different from one another. These differences
are evident in both how the system transitions to a supershear state and in the structure of supershear rup-
tures in each direction. In the following section, we will separately describe both the transition sequence and
structure of each of these types of supershear ruptures.

Table 1
Elastic Properties of PMMA and Polycarbonate

Density Poisson ratio Young's modulus
Material P wave S wave ρ ν E

PMMA Plane straina: 1,361 ± 13 m s−1 1,170 ± 1% kgm−3 Dynamica: Dynamicb:
2,680 ± 10m.s−1 0.33 ± 0.2% 5.75 ± 2.6%GPa
Plane stressb: Static: Staticc:
2,345 ± 10m.s−1 0.33 3.62 ± 1%GPa

PC Plane straina: 908 ± 20m s−1 1,200 ± 1% kgm−3 Dynamic: Dynamic:
2,192 ± 10m s−1 0.39 2.76 ± 3.3%GPa
Plane stressb: Static: Staticd:
1,653 ± 10m s−1 0.33 2.4 GPa

aDirectly measured by ultrasound. bCalculated directly from the measured values. cMeasured by static measurements. dFrom literature.

Figure 2. Experimental set‐up. (a) Twenty rosette strain gauges (green squares) are mounted at heights ∼2mm above and beneath the interfaces at 10 locations
along the frictional interface (left), on opposing block faces (center). FN and FS are the external normal and shear loads, respectively, that were applied to the
system via load cells at the points indicated by red arrows. Each individual strain gauge (60 in number) was digitized at 1 million samples per second so
that at each 1 μs throughout each experiment, we recorded the entire 2‐D strain tensor, εij(t), at all 20 locations. (b) The instantaneous real contact area was
measured along the entire contacting interface by a method based on total internal reflection (Rubinstein et al., 2004, 2006). We illuminated the frictional
interface with a sheet of light at an incident angle that was sufficiently large so that the light underwent total internal reflection everywhere except at
contacting points. The resulting transmitted light was roughly proportional to the real area of contact, Aðx; tÞ.
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3.1. Supershear Ruptures in the Positive Direction

Supershear ruptures in the positive direction are, theoretically, predicted not to exist. This will be elaborated
in section 4. Experimental observations show that supershear ruptures in the positive direction do exist but
tend to be unstable. They do not nucleate directly and are only observed as secondary ruptures that nucleate
ahead of steadily propagating slip pulses. Examples are presented both in Figure 4 and in the experiment pre-
sented in Figure 8. The slip pulses composing positive supershear ruptures are readily identified by charac-
teristic reductions of the normal stress at their tip. This normal stress reduction results from bimaterial
coupling (Shlomai & Fineberg, 2016; Shlomai et al., 2020) and is followed by rapid recovery ofAðx; tÞ at slip
pulse tails. This signature of slip pulses is reflected in the narrow dark blue region (of lowAðx; tÞ) at the tips
of the slip pulses in Figures 3 and 4.

In the positive direction, supershear ruptures are experimentally observed to propagate at all velocities

between Cstif f
S and Csof t

P (Shlomai & Fineberg, 2016), a subregime within the possible supershear velocity
range. This observed velocity range is below numerical observations; supershear states have been numeri-

cally nucleated at velocities near ∼ Cstif f
P (Shi & Ben‐Zion, 2006) and propagated at this velocity beyond

the nucleation zone.

In Figure 4, we take a closer look at the transition from slip pulses to supershear ruptures. Figure 4a
describes a typical event in which, eventually, a supershear rupture in the positive direction is formed.
The transition to supershear is mediated by a train of successive slip pulses in the positive direction, each
nucleated by a transient supershear rupture. The rupture originally initiated as a single transonic slip pulse
that was triggered close to x∼ 0. As this rupture propagated, it generated radiation ahead of itself, as can be
seen by the enhanced Aðx; tÞ ahead of its tip in Figure 4b in the region 20mm< x< 45mm. This radiated
region expands with the slip pulse propagation distance, hence the radiation velocity is either supershear
or rapidly transonic. The contact area increase within this radiated region indicates that the radiation con-
tains an increased Δσyy component.

Figure 3. Energetic ruptures propagating in both propagation directions at velocities above Csof t
P . This rupture event nucleated at about one third of the interface

and developed into two ruptures propagating in opposite directions away from the nucleation point. In the positive direction, the rupture first developed into a
transonic slip pulse. Ahead of the transonic rupture tip, a secondary rupture nucleated (at approximately x¼ 90mm denoted by the gray arrow) that

propagated at the supershear velocity of Cpositive
f ¼ 1; 492ms−1 ∼ 1:02Csof t

P . In the negative (left) direction, the rupture immediately accelerated to a

supershear velocity of Cnegative
f ¼ 2; 168ms−1 ∼ 1:49Csof t

P .
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The radiation ahead of the first slip pulse very quickly nucleates a second slip pulse that propagates ahead of

the original one. The initial slip pulse continued to propagate (Shlomai et al., 2020) at Cf ∼ 1 − 1:04Csof t
S in

the wake of the supershear rupture that preceded it, while further reducing the contact area. As Figure 4b
demonstrates, the same process repeats (50mm< x< 90mm) itself; the second slip pulse radiates ahead
of itself to form a third propagating slip pulse. In this way, supershear ruptures in the positive direction will
typically generate new (relatively weak) slip pulses as they propagate. All of these slip pulses, themselves,

continue to propagate at transonic velocities that are slightly aboveCsof t
S . They are therefore immediately out-

distanced by the supershear rupture that nucleated them. This results in the “train” of parallel slip pulses
evident in Figure 4. Once formed, these supershear fronts become the leading front that reduces most of
the contact area.

At later times, the slip pulses generated by positive supershear ruptures are so dense that it is difficult to dif-
ferentiate between them. These dense slip pulse trains are observed in both the contact area and the strain
measurements, as apparent “noise” that follows the supershear front and precedes the main slip pulse. This
“noise” in the strain measurements is strongly correlated to the weak slip pulses that are clearly revealed in
the contact area measurements, as presented Figure 5.

Radiated shear waves, with a form similar to the radiated Δσyy waves described above, would be expected in
the Burridge‐Andrews transition mechanism (Andrews, 1973; Burridge, 1973), which has been experimen-
tally observed in homogenous systems (Svetlizky et al., 2016; Xia et al., 2004). In contrast to homogeneous
systems, in bimaterial systems, the initial ruptures in the positive direction are not cracks but are always slip
pulses. We believe that, in addition to an enhanced Δσyy component, this radiation, which is evident in
Figure 4, also contains enhanced shear stress components. While these are not directly observed here,
enhanced radiated shear that accompanied radiated normal stress has been observed in simulations
(Langer et al., 2012) that describe the bimaterial supershear transition in the positive direction. This
mechanism appears to correspond to, essentially, the Burridge‐Andrews mechanism for supershear
generation.

It is of note that the slip pulses propagating in the wake of the supershear rupture tips are well separated
from the radiation that generally occurs when slip pulses are initially formed. This radiation often masks
the slip pulse structure. As a result, slip pulse trains formed during the supershear transition actually enable
us to better observe the fine structure of steady‐state slip pulses. It is now apparent that the steady‐state struc-
ture of slip pulses includes a strong and rapid compression that immediately precedes the strong release of
normal stress that characterizes slip pulses (Shlomai & Fineberg, 2016; Shlomai et al., 2020). This

Figure 4. Positive supershear ruptures as slip pulse trains. (a) A slip pulse nucleates near x¼ 0 and propagates in the positive direction. Ahead of this rupture,
a supershear rupture nucleates at x∼ 55mm, as marked by the green arrow. Within a very short distance, the supershear rupture transitions to a second
relatively strong slip pulse propagating ahead of the initial one and forming the basis for a “pulse train” (Shlomai & Fineberg, 2016). The radiation ahead of the
second slip pulse nucleates a short‐lived supershear rupture that nucleated a third slip pulse at x∼ 95mm, denoted by the purple arrow. Its radiation triggered an
additional supershear rupture at x∼ 110mm, that itself continuously generated additional (weaker) slip pulses as it traversed the remainder of the
interface. (b) Close‐up of the slip pulses that form the pulse train in panel (a). The slip pulse fronts are followed by large releases of the contact
area and are preceded by strong compressions with temporal and spatial widths of the same order of magnitude of the release width. The color
coding of the close‐up was adjusted to enhance the contact area variations.
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compression has a width that is approximately that of the normal stress
drop (denoted by the arrow in Figure 5b). We believe that this localized
compression is an essential part of the overall slip pulse structure.

3.2. Supershear Ruptures in the Negative Direction

We now consider bimaterial supershear propagation in the negative direc-
tion. The first distinction between supershear ruptures in the two propa-
gation directions is a significant difference in their propagation
velocities (Shlomai & Fineberg, 2016). This difference is clearly evident
in Figure 6. The observed supershear velocity distribution in the negative
direction (Figure 6, bottom) is entirely different than the distribution in
the positive direction (Figure 6, top). Supershear velocities in the negative

direction are all above Csof t
P and range to about 10–20% below Cstif f

P . The
distribution of the negative supershear propagation velocities is also fairly

bunched at 2,000 m s−1 ∼ 0:85Cstif f
P > Csof t

P . This sharp empirical limit to
the negative supershear velocities suggests that a theoretical limiting velo-
city may exist. Our measurements contrast with numerical calculations,

where velocities of ∼ Csof t
P in the negative direction were observed

(Ranjith & Rice, 2001; Shi & Ben‐Zion, 2006).

The transition to supershear in the negative direction is also much differ-
ent than in the positive one; the transition to negative supershear ruptures
is always smooth. Figures 3 and 8 are typical examples where ruptures
transition directly to supershear velocities in the negative direction.
Such rapid transitions to supershear after nucleation are common. At
times, the transition to supershear may occur more slowly, as presented
in Figure 7. Here, the smooth nature of the transition to negative propa-
gating supershear ruptures from a transient subshear rupture front is
more readily apparent. There is no evidence of the indirect “Burridge‐
Andrews” type transition that characterizes the transitions in the positive
direction (see, e.g., Figure 4).

Let us now consider the structure of negatively propagating supershear
ruptures. The structures of counter‐propagating supershear ruptures are
compared in Figure 8. We find that the contact area (reflecting the nor-
mal stress) behind negative supershear rupture tips generally decreases
by 50–60%, before rapidly recovering to levels of about 80% of the initial
Aðx; tÞ levels within a few mm. These strong Aðx; tÞ variations are very
similar to the strong localized variations of both Aðx; tÞ and the normal
stress behind the rupture tips of slip pulses propagating in the positive

direction. While these Aðx; tÞ variations are characteristic to negative supershear, they are significantly
smaller than those within slip pulses. As a result, they are not always clearly observed. The similarity
between the near‐tip structure of positive transonic and negative supershear ruptures is consistent with
the prediction that the sign of the bimaterial coupling in both cases is expected to be the same. In the same
vein, as is clear from the example presented in Figure 8, analogous transient reductions of eitherAðx; tÞ or
Δσyy are never observed near the tips of supershear ruptures in the positive direction, where the sign of the
bimaterial coupling is expected to enhance Δσyy (as well as Aðx; tÞ) with increased slip velocities.

In the negative direction, supershear ruptures are dominant; roughly 61% of all experimentally observed
negatively propagating ruptures (whose lengths were over 50 mm) were supershear. In contrast, in the posi-
tive direction supershear ruptures are relatively rare and constitute only 2% of observed ruptures (Shlomai &
Fineberg, 2016). This relative stability of the negatively propagating supershear ruptures, together with the
characteristic reduction of Aðx; tÞ at their tips, is, again, wholly consistent with predicted bimaterial cou-
pling; the reduction of Δσyy in the negative direction should enhance negative supershear ruptures relative
to negative subshear ruptures (which are suppressed by the bimaterial coupling induced increase of Δσyy).

Figure 5. Positive supershear ruptures, composed of slip pulses, generate
apparent noise. (a) The time‐space evolution of the real contact area, Aðx;
tÞ:Shown (left) is a slip pulse that nucleated near x¼ 0 and propagated in the
positive direction. Here, a supershear rupture consequently nucleated and
propagated ahead of the slip pulse. While propagating, it continuously
triggered a dense train of weak slip pulses. These appear in the strain
measurements as apparent “noise.” (right) Close‐up of the supershear front
in which the numerous secondary slip pulses are shed by the supershear
rupture are apparent. Adjustment of the color coding here was used to
enhance observation of the weak slip pulses. (b) (blue line) The normal
stress Δσyy measured inside the stiff material at the location denoted in
panel (a) by the vertical blue line. (green line) The contact area profileAðxsg
; tÞ at the measurement location of the Δσyy signal. The passage of the
supershear rupture is indicated by the gray arrow in both panels (a) (left)
and (b). The large drop in bothAðtÞandΔσstiffyy , indicated by purple arrows in

both panels (a) (left) and (b), is due to the passage of initial strong slip pulse.
The strong correlations in the large‐ and small‐scale structures in both
signals are strongly evident; the small amplitude fluctuating signals are
generated by the passage of the weak slip pulses within the interval
bracketed between the two arrows. This interval contains a dense train of
weak slip pulses as seen clearly in panel (a) (right).
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4. Theoretical Predictions for Supershear Ruptures

We now develop a new theoretical description for bimaterial supershear ruptures. This provides a frame-
work in which we can better understand the experimental results described above. We consider the dynamic
problem of a 2‐Dmedium having aMode II rupture propagating along a frictional interface on the plane y¼
0 separating two linear isotropic elastic half spaces. The loading, slip motion, and rupture propagation are in
the x direction, and all variables are functions of x, y, and t only. Shear and dilatational wave velocities are

Cn
S ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

μn=ρn
p

andCn
P ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðλn þ 2μnÞ=ρnp

, where ρn is mass density and λn and μn are Lamé coefficients. The
subscript n refers to soft or stiff and denotes the top (y> 0) soft and bottom (y< 0) stiff materials, respectively.

Here, as above, Csof t
S <Cstif f

S and Csof t
P <Cstif f

P .

In contrast to Ranjith and Rice (2001), who analyzed the stability of perturbation along a fault that is already
slipping, we consider here an in‐plane rupture that propagates with a constant velocity Cf along the bimater-
ial interface. Thus, we consider a moving coordinate system x¼ X− Cf t. The bulk equations of motion are
then given by

∂σðnÞij

∂xj
¼ ρnC

2
f
∂2uðnÞi

∂x2
; (2)

where x1≡ x and x2≡ y. In order to solve the rupture problem, we need to specify the boundary conditions
along the interface. Motivated by experimental evidence of the persistence of crack face contact during the
passage of the rupture front, we restrict our study to frictional contact in which both traction and normal

Figure 6. Supershear velocity distributions in both the positive and negative propagation directions. (top) The
distributions of supershear front velocities. The distributions are presented as a percent of the total number of fronts
that were observed to propagate in the positive direction. (inset) The distribution of all of the fronts in the positive
direction. Transonic slip pulse distribution is in blue, whereas the supershear distribution (red) corresponds to the main
panel. Note that the vast majority of fronts in the positive direction are slip pulses. (bottom) The distribution of observed
supershear pulses in the negative direction. Normalization is as above (including subshear propagating fronts). In sharp
contrast to the positive direction, the vast majority of fronts in the negative direction are supershear. Cstif f

S , Csof t
P , and Cstif f

P

are denoted by, respectively, the purple, green, and brown dashed lines.
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displacement are continuous across the bimaterial interface. This fric-
tional behavior is expressed through the following boundary conditions:

uðsof tÞy ðx; 0þÞ−uðstif f Þy ðx; 0−Þ ¼ 0; (3)

σðsof tÞyy ðx; 0þÞ−σðstif f Þyy ðx; 0−Þ ¼ 0; (4)

σðsof tÞxy ðx; 0þÞ−σðstif f Þxy ðx; 0−Þ ¼ 0: (5)

In addition, the rupture tip separates two types of boundary conditions.
Ahead of the tip (x> 0), we require the continuity of displacement (slip
identically vanishes):

uðsof tÞx ðx; 0þÞ−uðstif f Þx ðx; 0−Þ ¼ 0; x > 0: (6)

Behind the tip (x< 0), we specify the value of the shear stress at the
boundary by the friction law along the interface. The physics of friction
are embedded in this boundary condition behind the propagating front.
Various boundary conditions are found in literature. Here, a simple
crack‐like boundary condition is assumed; one imposes that the shear
stress behind the propagating tip drops to a constant residual value τR:

σxyðx; 0Þ ¼ τR; x<0; (7)

where the superscript is omitted when the normal and shear stress are evaluated along the interface. Note
that, while bimaterial coupling may well create variations in σyy, our assumption of constant residual
stress behind the crack's tip essentially negates any coupling between normal stress variations and the resi-
dual shear stress. We call this “frictionless” since τR can always be subtracted away, by superposition.

It was found (Shlomai et al., 2020) that the above formulation for transonic ruptures predicts crack‐like rup-
tures whose functional form provides an excellent description of the form of the stress and strain fields in the
vicinity of the rupture tips of experimentally observed subshear crack‐like ruptures and transonic slip pulses.

Figure 8. Comparison of the structures of supershear ruptures in both propagation directions. (a) In this event, ruptures nucleated at approximately x¼ 80mm
and propagated in both directions. Initially, the transition in the positive direction occurred via a transonic slip pulse with velocity Cpositive

f ¼ 942 ms−1 ∼ 1:04

Csof t
S to a supershear rupture with Cpositive

f ¼ 1925 ms−1 ∼ 1:16Csof t
P . In the negative direction, the transition is smooth to a supershear rupture of velocity Cnegative

f ¼
1980m:s−1 ∼ 1:2Csof t

P . (b) Close‐up of the contact area structure for the two supershear ruptures. (b, top) Positive supershear rupture. The contact area drops as a step
function with the passage of the supershear rupture. The color coding of the insets was adjusted to enhance the contact area behavior. (b, bottom) Negative
supershear rupture. The contact area initially drops to ∼ 0:6A0, then first rapidly increases to ∼ 0:75A0.A then subsequently decreases to its residual value.
The initial rapid drop of the contact area closely resembles the release of the normal stress caused by the bimaterial coupling in the positive direction for
transonic slip pulses. This can be seen as the characteristic dark blue line immediately behind slip pulse fronts propagating in the positive direction.

Figure 7. A slow and smooth transition to supershear in the negative
direction. The rupture shown nucleated near x¼ 200mm and propagated
in the negative direction (left direction in this section). After nucleating, the
rupture undergoes a short but distinct subshear stage at velocity Cf ¼ 830

ms−1 ∼ 0:91Csof t
S , denoted by the green arrow. After ∼25mm of

propagation, the rupture smoothly transitioned to a supershear rupture

propagating at Cf ¼ 1; 970ms−1 ∼ 0:9Csof t
P , as denoted by the blue arrow.

After the transition, a faint decaying crack‐like front can be observed within
the wake of the supershear front.
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In order to capture, however, the localization that characterizes slip pulses
in this velocity regime, it was necessary to incorporate a nontrivial friction
law (Amontons‐Coulomb friction law) for x< 0.

The elastodynamic problem described above is well posed once both the
applied loading at the remote boundaries and the motion of the rupture
front are specified. In the following, we are interested in the behavior
of the asymptotic stress field in the vicinity of propagating fronts whose

speed is Csof t
S <Cf<Cstif f

P . Due to its wave character, the boundary value
problem defined above should be solved separately for three different

velocity regimes that depend on the strength of bimaterial contrast: Csof t
S

<Cf<Cstif f
S , Cstif f

S <Cf<Csof t
P , and Csof t

P <Cf<Cstif f
P . In the supporting infor-

mation, we provide a suitable approach for computing the asymptotic
stress field in the vicinity of the propagating front and apply it to each
velocity interval. The method of resolution is standard, and some compu-
tational steps are similar to previous studies on the subject; see, for
instance, Wang et al. (1998). Nevertheless, this work gathers all of the

cases in a single study. In the supporting information, we show that the general solution of the near‐tip
asymptotic stress field possesses a singularity which can be expressed at the interface y¼ 0 by

σxyðx; 0Þ ¼ Kq
HðxÞ
xqðCf Þ; (8)

Δσyyðx; 0Þ ¼ Kq AþðCf ÞHðxÞ
xqðCf Þ þ A−ðCf Þ Hð−xÞ

ð−xÞqðCf Þ

 !
; (9)

where H(·) is the Heaviside function with coefficients A+ and A− describing the magnitude of the variations
ofΔσyy ahead and behind the rupture tip, respectively.Kq is a stress intensity factor‐like coefficient. Note that
the sign of Kq is related to the propagation direction. The choice of the upper material to be the soft one
imposes that if Kq> 0, the slip direction in the soft material (i.e., direction of applied shear) is in the positive
direction and vice versa. In the supporting information, the exponent q(Cf) is computed for any supershear
speed and found to always satisfy 0≤ q(Cf)≤ 1/2 (see example in Figure 9).

While the elastic problem can be solved for any propagation speed, it does not constrain the resulting elastic
fields to be physically consistent with rupture propagation. For an interface bounded by identical materials (a
“homogeneous interface”), this is generally fulfilled for any propagation speed due to symmetry considera-
tions. However, any bimaterial mismatch induces up‐down symmetry breaking of the near‐tip strain and
stress fields across the interface, which could induce particle displacement that is inconsistent with the direc-
tion of the applied loading and/or rupture propagation. The computation of the velocity‐dependent coeffi-
cients A±(Cf) is crucial for the determination of the allowed velocity regimes. The signs of A±(Cf), when
coupled with the sign of Kq, determine the overall sign of Δσyy in the vicinity of the rupture tip. We expect
physically viable solutions only if the two A±(Cf) have different signs. This stems from an expectation that
a moment must be existent around the crack tip at x¼ 0 that results from slip for x< 0 coupled to ux(x> 0,
y¼ 0)¼ 0. If we further require that bimaterial couplingwill reduceΔσyy behind the rupture tip, then the sign
of A−(Cf) must be positive for slip in the positive direction (where Kq> 0) and negative for slip in the negative
direction (where Kq< 0).

As we demonstrate in Figure 10, the above conditions are only satisfied within three discrete ranges of Cf for
the parameters used in our experiments. In the positive direction, we expect to have a dynamic reduction of
Δσyy only within the transonic regime (shaded blue in the figure), as described in detail in Shlomai et al.
(2020). In the supershear velocity regime, only an increase of Δσyy is expected in the positive direction. As
a result, no supershear ruptures are expected in this direction. In the negative direction, Δσyy is reduced

within two discrete regimes. The first of these is a thin (transonic) region of Cf near C
stif f
S . The second is a

wider and well‐defined region between 1; 700ms−1<Cf<1; 930ms−1.

Figure 9. The exponent q(Cf). Here, q(Cf) is calculated using the material
properties that correspond to the materials used in our experiments.
Plane stress conditions are assumed. The dashed lines correspond to the
wave speeds of the top and bottom samples. Notice that q(Cf)¼ 1/2 only
for Cf ¼ Csof t

S and Cf ≈ Cstif f
S .
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In Figure 10a, we present the observed range of supershear velocities in the negative direction for our experi-
mental parameters and transonic velocities in the positive direction. We, indeed, find that the experimen-
tally observed supershear ruptures occur in a region of velocities ( 1; 650ms−1<Cf<2; 050ms−1 ) that
roughly corresponds to the finite range predicted by the theory for plane stress conditions (pink‐shaded
region). We note that the values of the wave speeds may shift slightly as a result of the finite width of our
experimental samples. Recent studies of supershear ruptures within homogeneous interfaces (Svetlizky et al.,
2020) have indeed demonstrated that effects due to finite sample thickness can increase longitudinal wave
speeds by 3–4%. This shift toward higher velocities is consistent with the ∼4% shift of the experimentally
observed supershear velocities above predicted values.

In Figure 11, we present the complete theoretical phase diagram for bimaterial supershear ruptures in the

negative direction. Presented are the allowed supershear velocities (scaled byCsof t
S ) as a function of the mate-

rial mismatch, γ ≡ Csof t
S =Cstif f

S for model materials, whose parameters slightly differ from the experimental

Figure 10. Comparison of the predicted and experimentally observed rupture propagation velocities. (a) Experimental
rupture propagation velocity distributions of measured supershear rupture velocities in the negative direction (red)
and of the transonic slip pulses in the positive direction (blue). The shaded pink (green) region corresponds to the faster
branch of analytical solutions of rupture velocities when plane stress (plane strain) conditions are assumed. (b) The
normal stress variations within the bimaterial interface. The coefficients A+ and A− describe the magnitude of the
variations of σyy ahead and behind the rupture tip, respectively, for the bimaterial properties used in experiments. Plane
stress conditions are assumed. Dashed lines correspond to the wave speeds of the top and bottom samples (from left to
right: Csof t

S ; Cstif f
S ; Csof t

P , and Cstif f
P ). Allowed supershear ruptures (see text) are those where A+ and A− have opposite

signs. Furthermore, we require that Δσyy be reduced behind the rupture tip; thus, the sign of A−(Cf) must be positive
(negative) for slip in the positive (negative) direction. The shaded regions correspond to the allowed propagation
velocities for the positive (blue) and negative (pink) directions. Note that in the positive direction, only transonic
velocities are allowed (see text). The velocity regime corresponding to the (pink shaded) transonic branch with

velocities close to Cstif f
S is not observed experimentally. This may be due to the fact that the magnitude of A+ is very

small, making it unlikely that a rupture front selects this velocity regime.
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materials. Shaded are the evolution curves with γ of the two allowed regions (see Figure 10). An interesting
prediction of the theory is the existence of critical values of γ¼ γc for which the lower supershear branch
disappears (while the upper branch continues for all values of γ).

5. Discussion

We have presented an in‐depth study of supershear ruptures in bimaterial systems. Up to this point, nearly
all of our knowledge about bimaterial supershear rupture has been numerical, and there have been very few
experimental observations. We have shown that bimaterial supershear ruptures have numerous character-
istic features that set them apart from ruptures along homogeneous interfaces. These characteristic features
include directional prevalence, well‐defined propagation velocity ranges, transition mechanisms to super-
shear, unique functional forms near rupture tips, and direction‐dependent rupture stability. The common
thread linking all of our results is that there is a clear differentiation between ruptures propagating in oppos-
ing directions. How this asymmetry results from the bimaterial coupling is explained by the theory that we
present.

5.1. The Prevalence of Negatively Versus Positively Propagating Supershear Ruptures

How are bimaterial supershear ruptures excited? In homogeneous systems, it has been extensively demon-
strated that it is easily possible to “overstress” a frictional system to values of applied stress that are well
beyond the values needed to sustain rupture propagation (Ben‐David & Fineberg, 2011; Ben‐David et al.,
2010; Passelègue et al., 2013). Only when the level of overstress is large have supershear ruptures been
observed in these experiments. This type of behavior has also been observed in simulations of bimaterial sys-
tems (Shi & Ben‐Zion, 2006). Numerical simulations have shown that heterogeneity in stress and strength,
potentially linked to fault geometry (Bruhat et al., 2016; Dunham, 2007; Liu & Lapusta, 2008) or the presence
of a free surface (Hu et al., 2019; Kaneko & Lapusta, 2010), can trigger supershear at low background stres-
ses. We can't, however, yet say, a priori, which type of rupture will be selected. If a sufficient amount of
energy is stored in the system, negative supershear, positive slip pulses, or positive supershear coupled to slip
pulse trains (see Figure 4) may all be possible. Selection may well be dependent on the nucleation location.
If, for example, ruptures are nucleated at locations away from system edges, counter‐propagating ruptures
(as presented in Figure 8) will be excited. If, on the other hand, a rupture nucleates near a hard barrier, then
the rupture direction is determined by geometry.

Figure 11. Phase diagram of the allowed supershear rupture velocities in the negative direction. Here, we consider a
model bimaterial characterized by a single material mismatch γ ¼ Csof t

S =Cstif f
S . The other material parameters are

given by ρstiff¼ ρsoft, C
stif f
S ¼ ffiffiffi

3
p

Csof t
S , and Cstif f

P ¼ ffiffiffi
3

p
Csof t
P . All velocities are scaled by Csof t

S . The dashed black curves
show the variation of the different wave speeds with γ. We have two possible velocity regimes for ruptures propagating in
the negative direction. The vertical dashed line corresponds to γ¼ γc, where the lower supershear branch disappears.

Note that no upper limit for Cf exists (beyondC
stif f
P ) as a function of γ. The ordinate axis is simply cut off at a value of 2.5.

The blue arrow denotes the value of γ¼ 0.67, which corresponds approximately to the bimaterial contrast used in the
experiments.
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Negatively propagating supershear ruptures take up 61% of all observed ruptures in the negative direction
(subshear or supershear). In contrast, supershear ruptures in the positive direction are extremely rare, com-
prising only 2% of the total. The sparsity of supershear ruptures in the positive propagation direction is con-
sistent with previous experimental observations (Shlomai & Fineberg, 2016; Xia et al., 2004, 2005). Wewould
expect that observations of supershear ruptures within natural faults, which are becoming increasingly com-
mon (Bao et al., 2019; Bhat et al., 2007; Bouchon & Vallée, 2003; Dunham & Archuleta, 2004; Wang et al.,
2016), should follow this pattern.

Both the predominance of the supershear ruptures relative to slower ruptures in the negative direction and
the suppression of supershear ruptures in the positive direction are entirely consistent with the reversal of
the sign of the bimaterial coupling observed previously (Ben‐Zion, 2001; Langer et al., 2012; Ranjith & Rice,
2001; Weertman, 1980). Our self‐consistent calculations significantly extend this previous work and, more-
over, clearly differentiate between two distinct regimes in what is generally coined “supershear”: transonic

(Csof t
S <Cf<Cstif f

S ) ruptures that exist in the positive direction and true supershear (Csof t
S <Cstif f

S <Cf) ruptures,
which exist in the negative one. The region of existence in the positive direction has been identified
(Shlomai et al., 2020) with slip pulses.

5.2. “Allowed” Velocity Ranges

Our theory predicts a general phase diagram (Figure 11) for the range of existence of supershear ruptures for
any material contrast. These predictions are based on the assumption that rupture propagation cannot take
place when the pressure behind the rupture tip is increased by bimaterial coupling. In the negative direction,
the allowed velocity ranges (Figure 10) are thus determined dynamically via the sign of pressure variations at
the interface as function of the material contrast. In this direction, the theoretical predictions of the allowed
propagation velocity semiquantitatively agree with the observed range of measured supershear velocities.
This mechanism is essentially independent of either the form of the friction law or the magnitude of any
assumed friction coefficient. This view contrasts with predictions of Cochard and Rice (2000) and Ranjith
and Rice (2001), which were dependent on the value of the friction coefficient.

The phase diagram in Figure 11 is consistent with all known measurements and numerical calculations of
negative supershear velocities in bimaterial systems. These include the following:

• For the value of γ∼ 0.67 used in our experiments, all of our observed supershear velocities were above

Csof t
P (Figure 6).

• For the value γ∼ 0.8 describing polycarbonate‐homolite system (Xia et al., 2005), the observed values of
supershear velocities are below Csof t

P .
• Predictions of Ranjith and Rice (2001) of supershear velocities slightly belowCsof t

P for low values of γ (high
velocity contrasts) that are consistent with the lower branch in Figure 11.

• Numerically observed negative supershear ruptures (Shi & Ben‐Zion, 2006) that propagated slightly
below Csof t

P for γ∼ 0.8.

Based on the increase of normal stress along the entire interface, the theory predicts that supershear ruptures
shouldn't exist at all in the positive direction. Our experiments show that supershear ruptures do exist in the

positive direction, for propagation velocities between Cstif f
S and Csof t

P . The theoretical prediction that pre-
cludes the existence of positive supershear ruptures is not, however, a “fundamental” prediction like the lim-
iting velocity of sub‐Rayleigh cracks, which is based on elastodynamics. If shear stresses, which can
dynamically vary (Svetlizky et al., 2016), are sufficiently high to overcome the increased frictional resistance
caused by enhanced σyy, nucleation of positive supershear ruptures could be possible, as we have seen in
section 3.1. Additional mechanisms that are able to give rise to stress build‐up along the interface may be
roughness (our interface roughness is on the order of its 1 μm overall flatness, so local contact inhomogene-
ity may certainly be sufficient to form local barriers to propagation) or stress redistribution due to previous
events, as observed in Ben‐David et al. (2010) Bruhat et al. (2016), and Rubinstein et al. (2007).

Observed supershear velocities in the positive direction are definitely slower than supershear velocities in
the negative direction. We note that the former values are significantly lower than the values approaching

Cstif f
P that were observed numerically (Ampuero & Ben‐Zion, 2008; Shi & Ben‐Zion, 2006). We believe that
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these differences may be due to the explicit nucleation mechanisms used in the numerical calculations,
which triggered the simulated supershear ruptures at this rapid velocity.

5.3. The Transition Mechanisms to Supershear

Direct and smooth transitions from subshear to supershear are always observed in the negative direction,
whereas positive direction supershear ruptures solely occur via a secondary (Burridge‐Andrews type) transi-
tion (Figures 8 and 7). The observed transition mechanisms in both directions agree well with the numerical
experiments of Langer et al. (2012).

5.4. The Functional Forms of Supershear Ruptures

The singularity of the bimaterial solution at supershear tips is weaker than the q¼ 1/2 that characterizes

subshear ruptures. BeyondCf ¼ Csof t
S , the exponent q changes dramatically with Cf (Figure 9). This behavior

is qualitatively similar to the characteristic form of supershear ruptures within homogeneous interfaces
(Broberg, 1989; Svetlizky et al., 2020), although predicted values of q are, quantitatively, quite different.
Dynamically reduced contact area only occurs at the tips of negatively propagating supershear ruptures
(Figure 8). The structure of the negative supershear ruptures, while much more faint, is quite reminiscent
of the slip pulse structure in the positive direction, which was shown (Shlomai & Fineberg, 2016) to clearly
result from bimaterial coupling at transonic velocities.

5.5. Rupture Stability

Negative supershear ruptures (Figure 7), once excited, stably propagate. In the positive direction, where
supershear ruptures are not predicted to exist, propagating supershear ruptures break up into trains of par-
allel slip pulses (Figures 4 and 5). This observation of such continuous triggering of slip pulses by supershear
ruptures had not been observed previously, and such pulse trains have been rarely considered either theore-
tically and numerically.

We note that our theoretical analysis, paradoxically, is strictly valid only for a “frictionless” interface. The
analysis explicitly does not take frictional coupling into account. While the theory predicts changes of σyy,
one needs to tacitly assume a friction law in order to relate stress variations to frictional resistance at the
interface. We believe that any friction law will yield quantitatively similar predictions for the existence of
preferred propagation directions and the velocity range in which solutions exist. The explicit incorporation
of nonconstant frictional resistance is an analytical as well as numerical challenge. In the transonic case, the
incorporation of friction was seen to have a pronounced effect on the functional form of the solutions (fric-
tion actually gives rise to slip pulse‐like localization) (Shlomai et al., 2020). These frictionless solutions are,
however, important, as they are needed as a baseline for comparison.

In conclusion, our detailed measurements coupled with the elastodynamic theory derived here now provide
a coherent description of the phenomenology of supershear ruptures in bimaterial systems. While some
questions remain open, we believe that this work provides a firm basis for both identifying this important
class of ruptures and understanding their rather unique properties.

Data Availability Statement

Supporting data for “Supershear frictional ruptures along bimaterial interfaces.” 4TU Centre for Research
Data. Dataset: https://doi.org/10.4121/uuid:b07d4c49-450c-461a-9367-1ee804d3c1ae.
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