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S U M M A R Y
We discuss dynamic rupture results aiming to elucidate the generation mechanism of pulver-
ized fault zone rocks (PFZR) observed in 100–200 m wide belts distributed asymmetrically
across major strike-slip faults separating different crustal blocks. Properties of subshear and
supershear ruptures are considered using analytical results of Linear Elastic Fracture Mechan-
ics and numerical simulations of Mode-II ruptures along faults between similar or dissimilar
solids. The dynamic fields of bimaterial subshear ruptures are expected to produce off-fault
damage primarily on the stiff side of the fault, with tensile cracks having no preferred ori-
entation, in agreement with field observations. Subshear ruptures in a homogeneous solid
are expected to produce off-fault damage with high-angle tensile cracks on the extensional
side of the fault, while supershear ruptures between similar or dissimilar solids are likely to
produce off-fault damage on both sides of the fault with preferred tensile crack orientations.
One or more of these features are not consistent with properties of natural samples of PFZR.
At a distance of about 100 m from the fault, subshear and supershear ruptures without stress
singularities produce strain rates up to 1 s−1. This is less than required for rock pulverization
in laboratory experiments with centimetre-scale intact rock samples, but may be sufficient for
pulverizing larger samples with pre-existing damage.

Key words: Microstructures; Rheology and friction of fault zones; Dynamics and mechanics
of faulting; Fractures and faults; High strain deformation zones; Mechanics, theory, and
modelling.

1 I N T RO D U C T I O N

Pulverized fault zone rocks (PFZR) denote highly damaged fault
rock products, primarily of crystalline and metamorphic origin,
that were mechanically shattered to micrometre or finer scale, while
preserving most of their original fabric and crystal boundaries with
little evidence of shear strain (e.g. Brune 2001; Wilson et al. 2005;
Dor et al. 2006). They have been observed in 100–200 m wide belts
along sections of the San Andreas fault in California, the North
Anatolian fault in Turkey and the Arima-Takatsuki tectonic line in
Japan (Dor et al. 2006, 2008; Mitchell et al. 2011), and in somewhat
narrower zones also along the Garlock and San Jacinto faults in
California (Rockwell et al. 2009; Morton et al. 2012). Prominent
belts of PFZR appear to be associated only with major faults that
separate different crustal blocks, and are strongly asymmetric with
respect to the fault trace, existing primarily on the side with faster
seismic velocity at depth (e.g. Dor et al. 2006; Mitchell et al. 2011).

Doan & Gary (2009) performed split Hopkinson pressure bar
(SHPB) experiments and found that producing in intact centimetre-
scale crystalline rocks microstructures similar to those seen in
natural pulverized rocks requires strain rates higher than 150 s−1.
Yuan et al. (2011) reported a strain rate of 250 s−1 or higher for

pulverizing centimetre-scale rocks in their SHPB experiments, and
found that confining pressure could significantly suppress the tran-
sition of rock failure mode to pulverization. Doan & d’Hour (2012)
and Aben et al. (2016) showed in later SHPB experiments that
pre-existing rock damage can reduce significantly the strain rate
required for pulverization (e.g. a 50 per cent reduction has been
reported in these studies). Doan & d’Hour (2012) explained the
higher susceptibility of pre-damaged rocks to pulverizations using
key aspects of fracture mechanics, statistical distribution of rock
properties and inertial effects during dynamic loadings (Denoual &
Hild 2000; Hild et al. 2003).

Given the unusual properties of PFZR, they are assumed to pro-
vide a clear signature of dynamic earthquake ruptures (Rowe &
Griffith 2015, and references therein). However, the rupture speed
and other conditions associated with producing the observed promi-
nent belts of PFZR are not yet clear. The spatial association of
PFZR with large bimaterial faults, asymmetric distribution across
the faults and signatures of tensile isotropic stresses, led to the
suggestion that they are generated by repeating bimaterial ruptures
with a preferred propagation direction (Ben-Zion & Shi 2005; Dor
et al. 2006). On the other hand, the existence of pulverized rocks
in 100–200 m wide zones and the experimental high strain rate
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for pulverization of small rock samples led to the suggestion that
PFZR are produced by supershear ruptures (Doan & Gary 2009;
Yuan et al. 2011).

In this paper, we analyse stress and strain fields generated by
several types of dynamic ruptures to improve the theoretical con-
straints on dynamic pulverization of fault zone rocks. We consider
basic features from Linear Elastic Fracture Mechanics (LEFM) and
results generated by numerical simulations of dynamic ruptures.
The theoretical results are examined in relation to the available field
and laboratory observations, and expectations based on multiscale
physics of repeating ruptures that occur on large faults. In the next
section, we discuss the loading conditions that may produce natural
PFZR, after a brief review on rock failure under quasi-static and
dynamic loadings. We then examine how such loading conditions
may exist during the passage of various types of dynamic ruptures.
This is shown in Section 3 with basic expectations from LEFM and
in Section 4 using more realistic results from numerical simulations
with bounded stress and strain rate. The implications of the results
for earthquake ruptures that may generate natural PFZR and sugges-
tions for additional constraints from future laboratory experiments
and dynamic rupture models are provided in the final section.

2 L OA D I N G C O N D I T I O N S A N D
FA I LU R E C R I T E R I O N

To evaluate the potential of earthquake ruptures to pulverize rocks,
a failure criterion that captures the physics of the macroscopic load-
ing and microscopic failure process is needed. The observed mi-
crostructures in PFZR are dominated by tension (e.g. Dor et al.
2006; Rockwell et al. 2009; Mitchell et al. 2011; Rempe et al.
2013), suggesting that local tensile stress field is involved in pulver-
izing the rocks. Below we briefly review relations between a local
tensile stress field and applied macroscopic loading in a quasi-static
or low-rate loading regime, and discuss related ideas in a dynamic
or high-rate loading regime.

Experiments on rock failure under quasi-static loadings show
that tensile failure can be produced, at least locally, under both
macroscopic tensile and compressive loadings. The latter is less
intuitive and involves internal flaws (microcracks, defects, pores,
etc.) that can locally concentrate stress and induce tensile fail-
ure (Kranz 1983). Among many proposed mechanisms, the so-
called wing-crack model has been widely used to study induced
microscopic tensile cracks (Brace & Bombolakis 1963; Horii &
Nemat-Nasser 1986; Ashby & Sammis 1990). In this model, tensile
wing cracks can be induced at the tips of larger pre-existing cracks
that slide under remotely applied compression. In such cases, the
rock fails due to the growth, interaction and coalescence of many
tensile cracks, with possible involvement of other types of cracks
(Bobet & Einstein 1998).

One fundamental difference between tensile crack behaviour un-
der macroscopic tension and macroscopic compression is that in
the former the crack growth is unstable under constant remote load-
ing, while in the latter tensile crack growth requires increases of
the remote compression to ensure continuation. This can explain
why rock strength (defined as the peak loading stress at failure)
is usually lower under tension than under compression. The basic
reason is associated with Mode-I stress intensity factor KI at the
crack tip. Under remote tension KI increases as the tensile crack
grows, whereas KI produced by a concentrated tensile loading near
the origin of the mother crack decreases as the induced tensile crack
grows (Ashby & Sammis 1990; Tada et al. 2000). It is also known

that the failure mode can be significantly affected by the confin-
ing pressure (Jaeger et al. 2007), ranging from unstable localized
splitting or shear banding under low confining pressure to stable
distributed bulk deformation under high confinement.

The above results apply to rock failure under slow loading where
macroscopic failure is usually dominated by a single or a few failure
planes (except for high confining pressure). This is attributed to
the fact that the growth of the weakest/longest flaws has higher
probability of dominating the overall failure process (Paterson &
Wong 2005). This also explains the well-known observation, dating
back to Galileo that the strength of material generally decreases with
increasing sample size, because larger samples have larger initial
flaws. However, under fast loadings, numerous cracks can grow
simultaneously and facilitate fragmentation and pulverization (e.g.
Grady & Kipp 1987; Hild et al. 2003; Sammis & Ben-Zion 2008).
The fragmentation model of Grady & Kipp (1987) is often used to
explain the rock response under high loading rates where multiple
flaws can be activated simultaneously by the supplied energy. Recent
experiments with various types (compressive, tensile, or shear) of
high-rate loadings indicate that rock strength generally increases
with the applied loading rate, once it exceeds a certain threshold
value (Zhang & Zhao 2014; Xia & Yao 2015). The large number of
activated flaws under fast loading and the higher degree of internal
stress concentrations explain why the resulting fragment sizes tend
to be smaller and the apparent strength at failure tends to be higher.

The basic concept of rock fragmentation is typically discussed
for tensile loadings (Grady & Kipp 1987), but multiple fragments
and pulverization have also been observed with dynamic compres-
sive loadings (Li et al. 2005; Doan & Gary 2009; Yuan et al. 2011).
Under fast uniaxial compression, initial flaws that are stronger or
less optimally oriented can be activated to induce tensile cracks.
Effects associated with 3-D sample geometry and lateral bound-
ary condition can also contribute to inducing tensile cracks (e.g.
loading-induced radial compressive stress wave can reflect as ten-
sile stress wave from the lateral free surface of a cylindrical sample,
with a potential to produce radial and circumferential cracks in
planes perpendicular to the loading direction). The rock sample
fails when pervasive tensile cracks with diverse orientations inter-
act and coalesce. We note that current uniaxial high-rate tension
experiments only result in splitting rock fragments, rather than pul-
verized rock powder. Numerical simulations suggest that dynami-
cally activated tensile cracks under rapid uniaxial tension show a
preferred growth direction roughly perpendicular to the applied load
(Cho et al. 2003), but have no preferred direction under an applied
isotropic tension (Daphalapurkar et al. 2011).

Current dynamic experimental observations of pulverized rocks
are available only under macroscopic compressive loading, but we
focus below on regions where rocks are expected to experience dy-
namic tension. This is because rock pulverization should be easier
under dynamic tension based on the following reasons. (1) Stress
level under compressive loading is often limited by the plastic yield-
ing strength, whereas under dynamic loading it is free from plastic
yielding and mainly depends on the supplied energy (Sammis &
Ben-Zion 2008). (2) Distributed local tensile loading is expected
to drive growth of isotropic tensile cracks consistent with obser-
vations of PFZR (e.g. Rockwell et al. 2009; Mitchell et al. 2011).
(3) Based on the available dynamic experimental data (Zhang &
Zhao 2014; Xia & Yao 2015), tensile strength of rock (∼10 MPa)
is considerably lower than the compressive strength (∼100 MPa).
(4) We expect that experiments with multiaxial dynamic tensile
loading or alternating principal tension directions will produce pul-
verized rocks without preferred crack orientation.
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Figure 1. (a) LEFM-predicted evolution of volumetric strain during the passage of a subshear rupture front. (b) Volumetric strain rate as a function of off-fault
distance.

Having threshold values of stress and strain rate for pulverization
can facilitate a quantitative analysis of pulverization. However, so
far there are few direct experimental constraints for threshold values
under dynamic tension. We therefore focus in Sections 3 and 4
on predictions of stress and strain rate at various locations using
different dynamic rupture models. By comparing predicted features
with field observations of pulverized rocks, we discuss in Section 5
how threshold values of stress and strain rate may be estimated by
taking into account several factors.

3 P E R S P E C T I V E S B A S E D O N L E F M

We start with theoretical results based on LEFM to discuss some ba-
sic properties of dynamic ruptures relevant to generation of pulver-
ized rocks. In addition to basic results, we outline the assumptions
and limitations of LEFM, such as steady state associated with a con-
stant rupture speed, asymptotic rather than full stress expressions
and small-scale yielding approximation (Freund 1990).

3.1 LEFM-based subshear rupture

The expression for the asymptotic stress field near a steady-state
subshear crack tip (Freund 1990, chap. 4.3.3) has the form

σi j (r, θ ) = K d
II√

2πr
�II

i j (θ, vr , αP , αS) (1)

where K d
II is the dynamic stress intensity factor, r and θ are

polar coordinates with respect to the crack tip, �II
i j character-

izes the angular pattern of stress variations, vr is rupture speed,

αP =
√

1 − (vr/cP )2, αS =
√

1 − (vr/cS)2 and cP and cS denote
the P- and S-wave speeds, respectively. We typically assume cP =
6000 m s−1, cS = 3464 m s−1 and mass density ρ = 2700 kg m−3

unless mentioned otherwise. To illustrate classical features, we
assume a subshear rupture propagating at a constant speed vr =
0.97cR with cR being the Rayleigh wave speed (≈0.919cS). A frac-
ture energy density of Gc = 6.25 MJ m−2 (balanced by the energy
release rate at the crack tip) is used to calculate the stress intensity
factor (Freund 1990, chap. 5.3). We transform stress expressions
from dependency on space to time, using ∂/∂t = (−vr ) · ∂/∂x , and
convert stress to strain. There are alternative ways to view the tem-
poral evolution of deformation induced by a propagating rupture
(e.g. Reches & Dewers 2005), but the one adopted here is sufficient
for a first-order understanding.

Figure 2. Model setup for numerical simulation of dynamic ruptures along
a frictional fault (thick black line in the middle). The star denotes the
hypocentre. For cases of bimaterial ruptures, the upper medium is assumed
to be associated with 20 per cent reduction in P- and S-wave speeds and
mass density. Dashed lines indicate locations where stress and strain are
examined.

Fig. 1 shows several basic features of the near-fault strain field
during the passage of the assumed subshear rupture. We focus on
the 2-D volumetric strain component εV located on the extensional
side of the fault. The peak value of εV is above 0.01 within 0.5 m
from the fault (Fig. 1a) and quickly decays with increasing off-fault
distance. The peak strain rate around the arrival of the rupture front
(relative time 0 s in Fig. 1a) exceeds 1000 s−1 at locations within
0.05 m from the fault (Fig. 1b), but drops rapidly below 1s−1 when
the off-fault distance reaches 10 m. The strain rate decays with off-
fault distance as ε̇V ∝ dist−1.5 (Fig. 1b), consistent with previous
expectations (Doan & Gary 2009).

The discussed results are based on a rupture speed very close to
the limit speed cR for steady-state ruptures in the subshear regime.
The strain rate generally increases with rupture speed, because the
oscillating amplitude of the strain field around the rupture front
increases with rupture speed (Svetlizky & Fineberg 2014, Fig. 3)
and the characteristic length scale parallel to the fault shrinks with
rupture speed due to the Lorentz contraction effect. This is also
manifested by the sharpening of stress lobes when rupture speed
increases (Poliakov et al. 2002, Fig. 2). The assumed fracture energy
density is close to the upper bound of results based on inversions of
seismic data (Abercrombie & Rice 2005; Viesca & Garagash 2015).
Therefore, the rupture-induced features of strain and strain rate in
Fig. 1 likely represent upper bounds of realistic subshear ruptures
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Figure 3. Results for a homogeneous subshear rupture propagating at vr = 0.89cS(=0.97cR). (a) Map of rupture hypocentre and observation points (dashed
line) of stress and strain. (b) Temporal evolutions of slip rate and on-fault normal stress change 
σn at the location indicated in (a). (c) Temporal evolutions
of various stress components and the principal stress orientation at the locations indicated in (a). The principal stress orientation is evaluated hereafter by the
inclination angle � of the maximum compressive stress σ1 relative to the fault following Xu et al. (2012). It is understood that if tensile cracks are about to be
induced (e.g. when the minimum compressive stress σ3 becomes tensile), they will be preferentially aligned parallel to σ1 (Scholz 2002; Jaeger et al. 2007),
unless σ1 also becomes tensile and is comparable to σ3 (i.e. isotropic tension).

in a homogeneous intact solid. In particular, a very high strain rate
comparable to 100 s−1 is not likely to be produced at an off-fault
distance of 100 m.

3.2 LEFM-based supershear rupture

The expression for the asymptotic stress field near a supershear
crack tip (Freund 1990, chap. 4.3.4) has the following form

σi j (η1, η2) ∼ K d∗
II

[
�II∗

i j (θP , vr , αP , α̂S)

rq
P

− MII∗
i j (η2, vr , αP , α̂S)

(−η1 − α̂S |η2|)q H (−η1 − α̂S |η2|)
]

(2)

where η1 and η2 are Cartesian coordinates with respect to the

crack tip, rP =
√

η2
1 + α2

Pη2
2, θP = tan−1( αP η2

η1
) are scaled polar

coordinates, K d∗
II is the relevant stress intensity factor in the su-

pershear regime, �II∗
i j and MII∗

i j are two functions that charac-
terize the spatial patterns of stress variation near the leading
supershear rupture front and the following Mach front, respec-

tively, H ( ) is the Heaviside function, α̂S =
√

(vr/cS)2 − 1 and

q = (1/π ) tan−1[4αP α̂S/(1 − α̂2
S)

2
]. We can in principle apply sim-

ilar calculations as done in Section 3.1 to estimate representative
strain and strain rate associated with the current supershear rupture.
This involves overcoming a difficulty in determining the stress in-
tensity factor in the supershear regime (Rosakis 2002). In particular,
the relation between energy release rate and rupture speed in the full
range of supershear regime can depend strongly on model assump-
tions (Fukuyama et al. 2016, and references therein). We therefore
simply summarize some key features that distinguish supershear
ruptures from subshear ones.
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One feature of supershear ruptures is associated with the first term
in the bracket of eq. (2). Since 0 ≤ q ≤ 1/2, the off-fault decaying
rates of both strain and strain rate are slower than those associated
with a subshear rupture, except for the special case q = 1/2 when
vr = √

2cS . A second feature comes from the second term in the
bracket of eq. (2). The variable −η1 − α̂S|η2| in the denominator
and in the Heaviside function, when becoming zero, defines a Mach
front that represents coherent alignment of numerous S-wave fronts
emitted from different locations. The stress field at and around the
Mach front does not decay significantly with off-fault distance, at
least up to a level comparable to the depth of the seismogenic zone
(Dunham & Bhat 2008). Using a space–time transformation shows
that the Heaviside function produces upon the arrival of the Mach
front a stressing rate described by a delta-type function.

The two features mentioned above have been used to argue that
supershear rupture provides a robust mechanism for producing off-
fault rock damage (Bhat et al. 2007), and particularly pulverized
rocks at distances up to several hundred metres from the fault
(Doan & Gary 2009; Yuan et al. 2011). However, the following
issues limit the application of these theoretical aspects of supers-
hear ruptures to pulverized rocks. (1) Real materials can sustain only
limited stressing rate, and the full history of deformation follow-
ing a suddenly applied loading (or unloading) should be analysed
rather than just the initial response (Freund 1990, chap. 3; Aben et
al. 2016). (2) In realistic situations, energy dissipation on and off the
fault, and effects caused by heterogeneities, can prevent the rupture
speed from being precisely constant and can smear out the rupture
and Mach fronts (e.g. Dunham 2007). (3) The weakly attenuated
part along the Mach front (involving the second term in the bracket
of eq. 2) only contains deviatoric deformation. The relation of this
to possible rock pulverization characterized by pervasive micro-
scopic tension is not clear. Moreover, if this term is responsible for
pulverizing rocks at relatively large off-fault distances, the generic
resulting distribution of pulverized rocks should be on both sides
of the fault rather than primarily on one side. In the next section
we present more realistic results on dynamic stress and strain fields
based on numerical simulations of dynamic ruptures that do not
have the singular features of LEFM.

4 P E R S P E C T I V E S B A S E D O N
N U M E R I C A L S I M U L AT I O N S O F
DY NA M I C RU P T U R E S

To analyse further the ability of dynamic ruptures to generate pul-
verized rocks with the features observed in nature, we perform
simulations of Mode-II dynamic ruptures on a fault governed by
slip-weakening friction. We focus on conditions representative for
the top few kilometres of large crustal strike-slip faults, such as
background normal stress of −50 MPa (negative for compres-
sion) corresponding to a depth of 3 km under hydrostatic conditions
(Table 1). This is consistent with field estimates of the likely depth
range of PFZR (e.g. Dor et al. 2006). We conduct simulations for
six different rupture scenarios (Table 2) and discuss general features
of the dynamic stress and strain rate for each case.

The simulations employ the 2-D spectral element code
SEM2DPACK (Ampuero 2002), with added capability of recording
time evolution of strain at various locations obtained by interpola-
tion from nearest nodes. The model setup shown in Fig. 2 represents
a map view of a strike-slip fault. Rupture is nucleated by a time-
weakening friction in a nucleation zone starting at the origin (yellow
star) and expanding with a constant speed of 1000 m s−1. When the

Table 1. Model parameters and values.

Parameters Values

P-wave speed, cP 6000 m s−1, ∗5000 m s−1

S-wave speed, cS 3464 m s−1, ∗2887 m s−1

Mass density, ρ 2700 kg m−3, ∗2250 kg m−3

Static friction coefficient 0.6
Dynamic friction coefficient 0.1
Slip-weakening distance 0.50 m
Average node spacing 6.25 m
Initial value of σxx −50.00 MPa
Initial value of σyy −50.00 MPa
∗Values for the compliant side of a bimaterial fault (referring to Fig. 2).

Table 2. Initial shear stress condition for each rupture scenario.

Rupture scenario Initial shear stress (MPa)

Homogeneous subshear 13.33
Homogeneous supershear (DT) 22.86
Homogeneous supershear (MDT) 19.71
Bimaterial subshear 13.33
Bimaterial supershear (DT in the positive
direction)

22.86

Bimaterial supershear (MDT in the positive
direction)

20.63

Notes: DT = direct transition; MDT = mother–daughter transition.

nucleation zone reaches a size that allows spontaneous propagation,
a linear slip-weakening friction controls the subsequent rupture on
the fault. We keep the numerical model as simple as possible to
focus on the most fundamental features around a propagating rup-
ture front. Data recorded at points along lines normal to the fault
18 km from the hypocentre along the strike (dashed line in Fig. 2)
are used to monitor the near-fault deformation during the passage
of the rupture front. This distance represents a saturation effect of
finite seismogenic depth, beyond which a 3-D propagating rupture
is dominated by the Mode-II component and the associated stress
intensity factor no longer increases with along-strike propagation
distance (Day 1982).

4.1 Subshear rupture in a homogeneous solid

We first show results for a frictional fault in a homogeneous solid
using the parameters summarized in Tables 1 and 2. Due to the sym-
metry of this case, results are shown only for the right half. Fig. 3
displays the temporal evolutions of various on-fault (Fig. 3b) and
off-fault quantities (Fig. 3c) recorded at x = 18km. The following
features are evident at different off-fault locations. (1) Very close
to the fault (e.g. y = −5m), the evolution of σxy still reflects an
overall crack feature consistent with the assumed slip-weakening
friction, while that of σxx shows a single peak related to the parti-
cle velocity at the examined location. The latter can be explained
by the space–time transformation between strain component εxx

and particle velocity component u̇x (Svetlizky & Fineberg 2014).
(2) At larger off-fault distances, the evolution of σxy can include
a pseudo-pulse indicated by an apparent overshoot below the final
residual level (e.g. at y = −37.5 m), while that of σxx can dis-
play double peaks separated by a local trough (e.g. at y = −400 m).
These features have been reported in other laboratory and numerical
studies of dynamic ruptures (Svetlizky & Fineberg 2014; Svetlizky
et al. 2016).

The examined strain rate (hereafter estimated by σ̇xx/μ, where
μ is the rigidity of the material below the fault) is overall low,



Dynamic pulverization of fault zone rocks 287

reaching 0.16 s−1 at y = −5 m and rapidly decreasing to the order
of 10−3 s−1 at y = −400 m. These values are generally consistent
with the earlier theoretical estimates in Fig. 1(b) assuming similar
fracture energy density and rupture speed. For the current homo-
geneous subshear case, σxx can remain above 20 MPa in absolute
tension at least up to off-fault distance of y = −100 m. Absolute
tension is not likely at y = −400 m, but a relative tensile stress
change as large as 30 MPa is possible (as noted in Table 1, the
initial values of σxx and σyy are −50 MPa). Such dynamic stress
change can become important for rock failure at shallow depth dur-
ing the passage of the rupture. This is a larger magnitude change
than a complete relaxation of the background stress at shallow depth
used to assess aspects of rock failure (Rockwell et al. 2015). The
total tensile stress or stress change is dominated by σxx due to a
large fault-parallel strain εxx promoted by the Lorentz contraction
(e.g. Rice 1980). This indicates a preference for high-angle tensile
cracks on the extensional side of a fault in a homogeneous solid
(fifth panel of Fig. 3c). Such tensile cracks were observed in lab-
oratory experiments with subshear ruptures (Griffith et al. 2009;
Ngo et al. 2012), as well as along natural faults inferred to sustain
subshear ruptures (Di Toro et al. 2005).

4.2 Supershear rupture in a homogeneous solid

The rate of occurrence and generation mechanisms of supershear
ruptures are still debatable, and it is not fully clear if supershear rup-
tures in laboratory experiments or numerical simulations are similar
to those occurring in nature (e.g. Dunham 2007; Sammis et al. 2009;
Passelègue et al. 2013; Fineberg & Bouchbinder 2015). In particu-
lar, recent numerical (Bruhat et al. 2016) and experimental (Xu et al.
2015b) studies reported supershear ruptures under heterogeneous
conditions, revising the traditional view that supershear generation
requires relatively homogeneous conditions and simple fault ge-
ometries (e.g. Bouchon et al. 2010). Given our focus on generation
of prominent belts of PFZR, we simulate in this section prominent
long-lived supershear rupture. We distinguish between two funda-
mental supershear rupture modes that differ significantly around the
trailing Rayleigh front (Festa & Vilotte 2006). One mode involves
a direct transition (Geubelle & Kubair 2001; Liu & Lapusta 2008;
Lu et al. 2009) and the other is associated with a mother–daughter
mechanism (Burridge 1973; Andrews 1976; Abraham & Gao 2000;
Dunham 2007). For simplicity, we generate the two modes of su-
pershear ruptures by tuning the seismic S parameter (e.g. Andrews
1976; Das & Aki 1977; Lu et al. 2009; Liu et al. 2014). In prac-
tice, this is realized by adjusting the initial shear stress on the fault
(Table 2), while keeping all other parameters unchanged.

Fig. 4 shows the temporal evolutions of on-fault (Fig. 4b) and
off-fault quantities (Fig. 4c) during the passage of a supershear rup-
ture associated with a direct transition mechanism. As before there
are progressive differences in stress quantities with increasing off-
fault distance. Very close to the fault (e.g. y = −5 m), σxy is almost
a constant around the arrival of the trailing Rayleigh phase at ∼
6.25 s (as it must reflect the on-fault source behaviour constrained
by the slip-weakening friction), while σxx shows a single peak near
the leading supershear rupture front that is well correlated with the
slip rate function (Fig. 4b) projected on the extensional side. At
a larger off-fault distance (e.g. y = −400 m), σxy displays a clear
disturbance around the arrival of the trailing Rayleigh phase (as it
must reflect the Rayleigh phase when recorded not close to the fault
plane y = 0), while σxx shows a clear separation of the following
Mach front from the leading supershear rupture front. The relative

changes in σxx and σyy at the Mach front have opposite polarities
(fourth panel of Fig. 4c), consistent with the theoretical expecta-
tion in Section 3.2 that the Mach front only contains deviatoric
deformation.

The magnitudes of both stress and strain rate associated with the
simulated supershear rupture (Fig. 4) are larger overall than those
simulated for the subshear case (Fig. 3), while being bounded within
a physical range. The off-fault decaying rates of stress and strain
rate associated with the supershear rupture are also significantly
slower, in agreement with the theoretical expectation (Section 3.2)
for supershear ruptures (we note that vr = 1.69cS >

√
2cS so the

exponent q in eq. (2) is less than 1/2). The contribution to stress
and strain rate from the trailing Rayleigh phase is small compared
to that from the leading supershear rupture front and the follow-
ing Mach front. The total tensile stress or stress change is still
dominated by σxx , both at the supershear rupture front and at the
Mach front (see also Bhat et al. 2007, Fig. 3). Therefore, induced
tensile cracks are likely to be oriented at high angles on the ex-
tensional side of the fault (fifth panel of Fig. 4c), as was observed
in laboratory experiments with supershear ruptures (Rosakis 2002;
Samudrala et al. 2002).

Fig. 5 shows deformation features during the passage of a super-
shear rupture involving a mother–daughter transition mechanism.
Such rupture mode has been reported in laboratory experiments
with Homalite-100 (Xia et al. 2004), PMMA (Svetlizky et al. 2016)
and rock samples (Xu et al. 2015b). Previous studies focusing on
near-fault ground motion characteristics suggest that this type of
rupture can be considered as a compound mode (Mello et al. 2010,
2016), with a leading supershear rupture front (as in Fig. 4) fol-
lowed by a strong trailing phase that resembles a subshear rupture
front (as in Fig. 3). The latter is supported by the stress character-
istics between the strong trailing phase in Fig. 5(c) (around 6.5 s)
and the pure subshear rupture front in Fig. 3(c) (around 8.3 s),
particularly for the decay of stress and strain rate with off-fault dis-
tance. Therefore, one can use the previous discussions of features
in Figs 3 and 4 to understand the basic results of Fig. 5. In the
simulated compound-mode rupture, the sequential passage of the
supershear rupture front followed by the Mach front and the trailing
subshear front can provide successive high-rate loadings during a
single supershear event. This somewhat complicates the evaluation
of mechanisms generating off-fault rock damage.

4.3 Subshear rupture on a bimaterial interface

Ben-Zion & Shi (2005) suggested that the generation mechanism
of PFZR is associated with bimaterial ruptures. To analyse this,
we use a configuration with 20 per cent contrast of P- and S-
wave speeds and mass density across the fault. The bottom side
of the fault is assumed to be stiffer (faster seismic velocities) with
the same properties as in the homogeneous case (Fig. 2 and Ta-
ble 1). The generalized Rayleigh wave (cGR = 0.825cfast

S ) exists for
the assumed contrast of properties (e.g. Weertman 1980; Ben-Zion
2001). A normal stress regularization with a characteristic timescale
of t∗ = 4 × 10−3 s (about 10 times of the time step) that delays
the normal stress response (equivalent to eq. (6) of Ampuero &
Ben-Zion 2008) is used to ensure the stability of bimaterial rupture
simulations. The rupture-induced stress characteristics are expected
to be a superposition of features in a homogeneous solid and features
associated with dynamic coupling between slip and changes of nor-
mal stress σn unique to the bimaterial configuration. The dynamic
change of σn is tensile at and behind the rupture front propagating in
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Figure 4. Results for a homogeneous supershear rupture propagating after a direct transition mechanism at vr = 1.69cS . (a) Map of rupture hypocentre and
observation points (dashed line) of stress and strain. (b) Temporal evolutions of slip rate and on-fault normal stress change 
σn at the location indicated in (a).
(c) Temporal evolutions of various stress components and the principal stress orientation at the locations indicated in (a).

the direction of slip on the compliant side of the fault (referred to as
the positive direction), and compressive in the opposite (negative)
direction (e.g. Weertman 1980; Andrews & Ben-Zion 1997; Shi &
Ben-Zion 2006).

The along-strike asymmetry of the dynamic changes of σn mod-
ifies considerably the off-fault stress field in the opposite rupture
directions (Fig. 6). In the positive direction, σyy has a prominent
tensile change with much larger amplitude (Fig. 6c, after 8 s) than
for a subshear rupture between similar solids (Fig. 3c, around 8.3 s).
The dynamic variations of σyy produce a transient state of absolute
tension at least up to an off-fault distance of 100 m. At locations
close to the fault (e.g. y = −37.5 m), the change of σxx is larger
than that of σyy (this can be explained by the ratio of two elas-
tic moduli related to the bimaterial problem, see Rubin & Am-
puero 2007, section 3.2.2), but the difference between the two is
much smaller than that generated by subshear rupture in a homo-
geneous solid (e.g. second panel in Fig. 3c). For y = −100 m, the
peak amplitude and rate of change of σxx and σyy become compa-
rable during the passage of the bimaterial subshear rupture front,

suggesting a possibility of simultaneous activation of both low-angle
and high-angle tensile cracks. A closer view reveals that around the
peak values (dashed ellipse), σxx has a rapid decrease followed by
a rapid increase, while σyy has a rapid increase followed by a rapid
decrease. These dynamic variations suggest that the time-averaged
effect could approach conditions of ‘isotropic tension’, due to an
overprinting of a wide range of principal stress orientations (e.g.
see the yellow dots in the fourth panel of Fig. 6c), although at each
particular time the transient stress state is different from isotropic
tension. Regardless of this interpretation, the transient stress field in
the positive direction has a high potential for inducing tensile cracks
with diverse orientations that may approach a near isotropic pattern.
In the negative direction, the stress changes have lower amplitudes
than in the positive direction, due to slower rupture speed caused
by the compressive normal stress change on the fault (Fig. 6e).
The dynamic tensile stress is dominated by σxx in all examined
locations (Fig. 6f). Based on these results, we expect less off-fault
damage in the negative direction dominated by high-angle tensile
cracks.
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Figure 5. Results for a homogeneous supershear rupture propagating after a mother–daughter transition mechanism at vr = 1.69cS . (a) Map of rupture
hypocentre and observation points (dashed line) of stress and strain. (b) Temporal evolutions of slip rate and on-fault normal stress change 
σn at the location
indicated in (a). (c) Temporal evolutions of various stress components and the principal stress orientation at the locations indicated in (a).

4.4 Supershear rupture on a bimaterial interface

Similar to the cases in a homogeneous solid (Section 4.2), we dis-
tinguish between two basic bimaterial supershear ruptures, based
on the transition mechanism in the positive direction. The polar-
ity of normal stress change σn on a bimaterial fault and the pre-
ferred rupture direction are reversed in the supershear regime, com-
pared to those in the subshear regime (e.g. Weertman 2002; Shi &
Ben-Zion 2006; Shlomai & Fineberg 2016). These reversed on-fault
features are expected to influence the off-fault stress behaviour in
the opposite rupture directions.

Fig. 7 summarizes results of various on-fault and off-fault quan-
tities for a bimaterial supershear rupture associated with a direct
transition in the positive direction. A comparison between the two
rupture directions reveals that the magnitudes of both stress and
strain rate are much higher in the negative direction than in the
positive one. This is because of the prominent tensile change of
σn and faster rupture speed in the negative direction (compare
Fig. 7e with Fig. 7b). Focusing on the negative direction, there is

a sharp tensile change in σyy (Fig. 7f) that can potentially drive
some off-fault region into a transient state of absolute tension.
However, the overall tension is still dominated by the fault-parallel
component, which shows extremely large magnitudes in stress and
strain rate that only weakly decay with off-fault distance (note that
vr = 1.72cslow

S ≈ cslow
P in the negative direction, so the exponent q

in eq. (2) is close to zero when applied to the compliant side of the
fault). These results suggest extensive off-fault rock damage on the
compliant side of the fault, with induced tensile cracks preferen-
tially inclined at high angles to the fault. In the positive direction,
the total tensile stress or stress change is also dominated by σxx

(Fig. 7c). The results suggest relatively narrow damage mainly on
the stiff side of the fault dominated again by high-angle tensile
cracks.

Fig. 8 presents corresponding results for a bimaterial supershear
rupture associated with a mother–daughter transition mechanism in
the positive direction. Similar to the analysis made for the homoge-
neous solid (Section 4.2), the rupture in the positive direction can
be considered as a combination (Figs 8a–c) of a leading supershear
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Figure 6. Results for a bimaterial subshear rupture propagating (a)–(c) at vr = 0.82cfast
S (=0.99cGR) in the positive direction, and (d)–(f) at vr = 0.79cfast

S
(= 0.96cGR) in the negative direction.

front followed by a strong subshear front (with a speed approaching
cGR). Near the leading supershear front (Fig. 8c, around 5.0 s), the
total tensile stress or stress change is dominated by σxx , favouring
induced tensile cracks on the stiff side inclined at high angles to the

fault. Near the trailing subshear front (Fig. 8c, around 6.9 s), a tran-
sient stress state with alternating principal directions exists (similar
to Fig. 6c, between 8.0 and 8.1 s), which can induce tensile cracks
(on the stiff side) without a preferred orientation. In the negative
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Figure 7. Results for a bimaterial supershear rupture propagating (a)–(c) at vr = 1.66cfast
S in the positive direction after a direct transition mechanism, and

(d)–(f) at vr = 1.72cslow
S (≈cslow

P ) in the negative direction after a direct transition mechanism.

direction (Figs 8d–f), rupture is characterized by a supershear mode
involving a direct transition mechanism, similar to that in Figs 7(d–
f). The total tensile stress or stress change is dominated by σxx that
decays slowly with off-fault distance (also due to a rupture speed
close to the P-wave speed of the compliant side). This is expected
to produce extensive off-fault tensile cracks (on the compliant side)
that are preferentially inclined at high angles to the fault.

5 D I S C U S S I O N A N D C O N C LU S I O N S

The numerical results shown in Figs 3–8 indicate that high strain
rates of the order of 150 s−1 cannot be directly produced by any type
of realistic ruptures (at least for the cases considered in this study)
at a distance of 100 m from the fault, assuming the off-fault region
is a solid. This leads to a discrepancy with the strain-rate threshold
(150 s−1 or higher) necessary for pulverizing intact centimetre-scale
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Figure 8. Results for a bimaterial supershear rupture propagating (a)–(c) at vr = 1.59cfast
S in the positive direction after a mother–daughter transition mechanism,

and (d)–(f) at vr ≈ cslow
P in the negative direction after a direct transition mechanism.

rocks based on SHPB experiments (Doan & Gary 2009; Yuan et al.
2011). However, natural PFZR have been subjected to numerous
episodes of fault activity and more realism is needed to clarify the
mechanisms producing belts of PFZR that are hundreds of metres
wide. Obvious possible solutions are reduction of the strain rate
required for pulverization of pre-damaged material, as observed by

Doan & d’Hour (2012) and Aben et al. (2016), and generation of
PFZR by multiple successive ruptures rather than a single event.

Doan & d’Hour (2012, eq. 20) provided a formula quantifying
the inverse relation between loading rate threshold and the initial
rock damage density. Aben et al. (2016) proposed a schematic
model for a progressive widening of the off-fault pulverization zone



Dynamic pulverization of fault zone rocks 293

by successive repeating earthquakes. Ben-Zion & Andrews (1998)
noted that the higher mechanical efficiency of bimaterial ruptures
may lead to migration of ruptures to the edge of the damage zone,
generation of additional damage and widening of the damage zone.
This is supported by numerical simulation results that ruptures tend
to migrate to bimaterial interfaces (Brietzke & Ben-Zion 2006) and
field observations that earthquakes tend to localize at the edge of
well-developed cataclasite and damage zones (e.g. Sibson 2003; Dor
et al. 2008; Di Toro et al. 2009). Generation of wide damage zone by
single events requires high initial shear stress along the fault, leading
not only to supershear rupture but also to significant damage-related
isotropic radiation (Ben-Zion & Ampuero 2009). Such events are
possible but not very likely. Generating wide damage zone by single
events may also require high dynamic strength along the fault.
However, this would lead to significant frictional heat, not observed
along the San Andreas and other large strike-slip faults, and a rather
uniform crack orientation inside the damage zone (Rice et al. 2005).
It is possible to generate considerable damage at particular locations,
such as near abrupt terminations of ruptures (e.g. Madariaga 1983;
Rousseau & Rosakis 2003; Xu & Ben-Zion 2013), but this would
not produce belts of pulverized rocks of the type observed.

Limited successive high-rate loadings may be realized during
single events, as illustrated by the supershear mode with a mother–
daughter transition mechanism (Figs 5 and 8a–c). Such rupture
mode was inferred to have occurred during the 2002 Denali earth-
quake (Dunham & Archuleta 2004) and was observed in labo-
ratory experiments (Mello et al. 2014). Limited successive high-
rate loadings may also be realized by wave reflections within the
fault zone (e.g. Ben-Zion & Huang 2002; Huang et al. 2014), rup-
ture and wave reflections from the free surface on a dip-slip fault
(Ide et al. 2011; Gabuchian et al. 2014), and more complex con-
stitutive laws such as double-slip-weakening friction (Galvez et al.
2016) and rate- and state-dependent friction (Coker et al. 2005; Shi
et al. 2008). It will be useful to have additional laboratory estimates
of strain-rate threshold required for pulverization under successive
loadings during single and multiple events.

Apart from successive loadings, we also expect lower strain-rate
threshold for rock failure under tensile loading, rather than compres-
sive of the type used in the SHPB experiments. Experimental rock
pulverization may be realized by dynamic multiaxial tensile load-
ings (in particular of pre-damaged rock samples). Multiaxial tension
can also produce a more isotropic failure pattern that matches better
the microstructure typically seen in natural pulverized rocks. The
mud cracks discussed in Sammis & Ben-Zion (2008) provide an ex-
ample of near isotropic failure pattern under quasi-static multiaxial
tension. Related numerical results under dynamic multiaxial tension
can be found in Daphalapurkar et al. (2011). As noted by Sammis
& Ben-Zion (2008), tensile cracks generated by macroscopic com-
pressive or shear loading tend to have a preferred orientation to the
fault, not consistent with properties of natural PFZR (e.g. Rockwell
et al. 2009; Mitchell et al. 2011).

As mentioned in Section 2, rock strength in the quasi-static load-
ing regime generally decreases as the rock sample size increases,
due to the intrinsic heterogeneous properties of rocks (Scholz 2002).
We expect a similar relation between rock strength and rock sam-
ple size for high-rate loadings. The mentioned scaling relation of
Doan & d’Hour (2012, eq. 20) connecting loading rate threshold
with initial damage density also includes a contributing factor in-
volving the rock volume. This suggests that a larger rock sample is
more likely to be fragmented than a smaller one for a given loading
rate. The scale dependence of strain-rate threshold for fragmenta-
tion limits the application of laboratory results to natural fault zone

rocks. It is not clear how to extrapolate the strain-rate threshold ob-
tained from the centimetre-scale samples in the SHPB experiments
(Doan & Gary 2009; Yuan et al. 2011) to natural fault zone rocks at
larger scales. Such scaling should account also for other differences
(loading style, boundary conditions, initial damage density, strength
distribution, etc.) between the laboratory experiments and natural
faults. From a theoretical point of view, it is important to consider
in future studies more realistic models of brittle rock damage such
as those used by Daphalapurkar et al. (2011), Bhat et al. (2012),
Xu et al. (2015a) and Lyakhovsky et al. (2016). Clearly, stress con-
centration and high strain rate can exist locally near a propagating
crack front, but the integrated quantities over a volume should re-
main relatively low. Dynamic ruptures in models accounting for
brittle damage can provide better constraints on rupture-induced
loadings and threshold values for rock pulverization.

Fig. 9 illustrates schematically the ingredients needed to gen-
erate PFZR with properties similar to those observed in the field.
The numerical results shown in Figs 3–5 indicate that standard
ruptures between similar solids (Fig. 9a) tend to produce a tran-
sient tensile stress field dominated by the fault-parallel component.
This standard model is expected to produce tensile cracks on both
sides of the fault (though only one side is illustrated), preferen-
tially inclined at high angles to the fault. These two features are
generally inconsistent with field observations of pulverized rocks,
which are primarily distributed on one side of the fault and are
characterized by near isotropic damage microstructures. Bimaterial
ruptures between dissimilar solids (Fig. 9b) are expected to pro-
duce strongly asymmetric damage across the fault (Ben-Zion & Shi
2005; Xu et al. 2012). This is related to the tendency of bimaterial
ruptures to have a statistically preferred propagation direction (e.g.
Ben-Zion & Andrews 1998; Ampuero & Ben-Zion 2008; Brietzke et
al. 2009; Erickson & Day 2016; Shlomai & Fineberg 2016). The nu-
merical results shown in Figs 6–8 indicate that subshear bimaterial
ruptures propagating in the positive direction can greatly enhance
tension along fault-perpendicular direction, in addition to that along
fault-parallel direction. This can lead to a transient stress field that
can be described approximately as time-averaged isotropic tension.
Repeating bimaterial ruptures can produce prominent asymmetric
off-fault damage (primarily on the stiff side at depth) consisting sta-
tistically of randomly oriented tensile cracks. Generating relatively
wide zones of PFZR consistent with observations is facilitated by
pre-existing flaws, which can become activated, grow, or even de-
velop their own branches under the dynamic loading of the main
rupture (zoom-in view in Fig. 9b). Due to the activation and propa-
gation of many flaws and their branches, locally high stress or high
strain rate can extend to off-fault distances well beyond the original
boundary controlled by the main rupture only.

We finally summarize some limitations of the approach used in
this study. In addition to not simulating off-fault damage (e.g. us-
ing a brittle damage rheology) and other model simplifications, we
considered a limited range of model parameters. A more detailed
understanding can be achieved by considering a fully permissible
range of model parameters (Rice et al. 2005; Griffith & Prakash
2015) and performing 3-D dynamic rupture simulations (e.g. Ma &
Andrews 2010). We mainly focused on the extensional quadrants
to examine properties of likely induced tensile cracks. However,
tensile cracking can also occur in the compressional quadrants, as
reported during the 2001 Kunlunshan earthquake that was inferred
to be a supershear event (Bhat et al. 2007). We also did not con-
sider the possibility of tensile cracking due to the unloading of
earlier applied compressive stress even without reaching a state
of absolute tension (Nemat-Nasser 1997). The combined effects
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Figure 9. (a) A standard model showing regions with absolute tension or tensile stress change near a propagating Mode-II rupture front in a homogeneous
solid. The tensional field is dominated by the fault-parallel component favouring high-angle tensile cracks. (b) A model with bimaterial subshear rupture
enhancing the tension along fault-perpendicular direction. The zoom-in window illustrates multiscale features associated with activation, growth and branching
of pre-existing flaws under the dynamic loading of the main rupture. Local high strain-rate zones can extend to off-fault distances beyond the original boundary
associated only with the main rupture.

of compressive and tensile loadings, including the phenomena pro-
duced by the SHPB experiments and rock spalling (Cho et al. 2003),
can contribute to pulverization. Additional effects not considered
in our analysis include the competition between shear and tensile
failures (Rice et al. 2005; Rempe et al. 2013) and the transitions be-
tween coseismic generation of rock damage and interseismic healing
(Richard et al. 2015; Lyakhovsky et al. 2016). These factors should
be examined in future studies aiming to improve the understanding
of the conditions associated with generation of PFZR.
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Svetlizky, I., Muñoz, D.P., Radiguet, M., Kammer, D.S., Molinari, J.F. &
Fineberg, J., 2016. Properties of the shear stress peak radiated ahead of
rapidly accelerating rupture fronts that mediate frictional slip, Proc. Natl.
Acad. Sci., 113(3), 542–547.

Tada, H., Paris, P.C. & Irwin, G.R., 2000. The Stress Analysis of Cracks
Handbook, The American Society of Mechanical Engineers Press.

Viesca, R.C. & Garagash, D.I., 2015. Ubiquitous weakening of faults due to
thermal pressurization, Nat. Geosci., 8, 875–879.

Weertman, J., 1980. Unstable slippage across a fault that separates elastic
media of different elastic constants, J. geophys. Res., 85(B3), 1455–1461.

Weertman, J., 2002. Subsonic type earthquake dislocation moving at ap-
proximately

√
2× shear wave velocity on interface between half spaces

of slightly different elastic constants, Geophys. Res. Lett., 29(10), 109-1–
109-4.

Wilson, B., Dewers, T., Reches, Z. & Brune, J., 2005. Particle size
and energetics of gouge from earthquake rupture zones, Nature, 434,
749–752.

Xia, K. & Yao, W., 2015. Dynamic rock tests using split Hopkinson (Kolsky)
bar system—a review, J. Rock Mech. Geotech. Eng., 7(1), 27–59.

Xia, K., Rosakis, A.J. & Kanamori, H., 2004. Laboratory earthquakes:
the sub-Rayleigh-to-supershear rupture transition, Science, 303(5665),
1859–1861.

Xu, S. & Ben-Zion, Y., 2013. Numerical and theoretical analyses of in-plane
dynamic rupture on a frictional interface and off-fault yielding patterns
at different scales, Geophys. J. Int., 193(1), 304–320.

Xu, S., Ben-Zion, Y. & Ampuero, J.-P., 2012. Properties of inelastic yielding
zones generated by in-plane dynamic ruptures: II. Detailed parameter-
space study, Geophys. J. Int., 191, 1343–1360.

Xu, S., Ben-Zion, Y., Ampuero, J.-P. & Lyakhovsky, V., 2015a. Dynamic
ruptures on a frictional interface with off-fault brittle damage: feed-
back mechanisms and effects on slip and near-fault motion, Pure appl.
Geophys., 172, 1243–1267.

Xu, S., Fukuyama, E., Yamashita, F., Mizoguchi, K., Takizawa, S. &
Kawakata, H., 2015b. Rupture complexity revealed by laboratory friction
experiments over meter-scale rocks, in 9th ACES (APEC Cooperation
for Earthquake Simulation) International Workshop, Chengdu, China,
August 10–16.

Yuan, F., Prakash, V. & Tullis, T., 2011. Origin of pulverized rocks
during earthquake fault rupture, J. geophys. Res., 116, B06309,
doi:10.1029/2010JB007721.

Zhang, Q.B. & Zhao, J., 2014. A review of dynamic experimental techniques
and mechanical behaviour of rock materials, Rock Mech. Rock Eng., 47(4),
1411–1478.


