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Abstract—The paper presents a brief analysis of the accumulated data on fast dynamics of earthquake ruptu-
res and their qualitative comparison with the numerical results on supershear rupture propagation along ho-
mogeneous and heterogeneous fault surfaces. Calculation methods and parameters are described. The nume-
rical results indicate that the rupture velocity in strong earthquakes can vary in a wide range, exceeding signi-
ficantly the Rayleigh wave velocity treated as the maximum possible crack velocity in conventional fracture 
mechanics. It is shown that a necessary condition for the transition to supershear rupture propagation along 
the heterogeneous contact surface is the presence of a sufficient number of asperity contact spots that experi-
ence rapid frictional weakening during shear. The rupture velocity can periodically decrease or increase in 
the case of a heterogeneous fracture surface. Systematic variation in fault properties along strike increases the 
probability of supershear rupture in old contact segments. 
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1. INTRODUCTION 

For the 25 years of existence of the Physical Me-
somechanics journal, its authors repeatedly addressed 
the problems of fault zone mechanics [1, 2, etc.]. Fa-
ults, these fascinating natural objects, are a typical 
example of a hierarchically organized complex sys-
tem, with various mechanical interactions, physico-
chemical and metamorphic transformations occurring 
in them. The presence of faults ensures the mobility 
of the Earth’s crust, its permeability to fluids, and de-
termines most evolution processes in the upper and 
middle crust. The first editor-in-chief V.E. Panin per-
ceived the importance of physical mesomechanics in 
describing these processes and included (along with 
strength physics, materials science, fracture mecha-
nics, etc.) geomechanics and geodynamics into the 
scope of the journal. 

Since the first experimental measurements of 
earthquake rupture velocity in the 50–60s of the last 
century, the maximum rupture velocity has been 
thought to be close to the Rayleigh wave velocity СR, 
which is the maximum possible crack velocity in 
conventional analytical models of fracture mechanics  
 

[3]. In most cases, the average earthquake rupture 
velocity Vr falls within the range from 1100 to 
3100 m/s, which corresponds to the classical con-
cepts [4]. 

Increasing attention of contemporary geophysi-
cists and mechanics is given to the fact that ruptures 
in certain earthquakes can periodically have an un-
usually high velocity (above the СR value). The crack 
velocity exceeding the shear wave velocity Cs was 
first recorded in the early 1970s, in laboratory experi-
ments on plastic polymer [5]. Shortly afterwards it 
was analytically and numerically shown that a stress 
concentration zone propagates ahead of the primary 
crack front at the velocity Cs with friction but without 
cohesion [6, 7]. In so doing, the stress peak gradually 
increases until it overcomes the local strength of the 
fault. This results in the so-called “daughter crack”, 
which is initially insulated from the main fault. The 
leading front of the daughter crack starts as an unsta-
ble supershear rupture, which rapidly accelerates and 
transforms into a stable supershear rupture. The trail-
ing front quickly merges with the main fault, placing 
the entire crack in the supershear regime. The condi- 
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tion for supershear rupture is the shear-induced 
weakening of the contact surface and a sufficient le-
vel of background stresses [7]. 

The reasons for the formation of this stress con-
centration zone are still unclear. In [8], it was related 
to an elastic vortex that rapidly propagates in front of 
the crack. In [9], a supershear rupture was explained 
by the presence of a more rigid inclusion in the crack 
path, which can directly lead to dynamic stress con-
centrations and localized instability. 

Although seismologists were initially skeptical 
about these results, theoretical works stimulated a 
search for real supershear ruptures. In the early 
2000s, the results of field observations during several 
earthquakes finally confirmed that in some cases, as 
a rule, in some fault segments, the rupture velocity 
reaches anomalously high values [4, 10, and their re-
ferences]. 

This phenomenon is not only of fundamental (for 
crack theory) but also of clear practical significance 
(including for engineering seismology). The ampli-
tude of the ground motion in the shear wave group at 
the emerging plane fronts, similar to Mach fronts, at-
tenuates much more slowly than that of “normal” 
sub-Rayleigh ruptures [10]. This can lead to a notice-
able increase in the earthquake intensity both in the 
vicinity of the rupture and at significant distance 
from the epicenter. 

Though the main mechanisms of intersonic crack 
propagation are understood, the role of structural he-
terogeneity of the slip surface has not yet been ade-
quately investigated. The aim of this paper is to elu-
cidate the influence of the slip zone structure on the 
slip evolution. To do this, we perform a brief analysis 
of the accumulated data on the fast dynamics of 
earthquake ruptures and their qualitative comparison 
with the numerical results on supershear rupture pro-
pagation along homogeneous and heterogeneous 
fault surfaces. 

2. SOME OBSERVATIONAL RESULTS  

In most cases, the rupture velocity is estimated 
from the low-frequency data of teleseismic observati-
ons, providing only the average rupture velocity du-
ring the process in the epicenter. Though the accura-
cy of the Vr measurement is rather low, the main 
trends can be determined quite reliably. Thus, the 
authors of [4] analyzed the data on 96 earthquakes 
with the magnitude Mw from 6.4 to 8.1 and found 
that about 25% of them has the average rupture velo-
city in the range from 3100 to 4500 m/s. 

Table 1. Average and maximum rupture velocities in certain 
earthquakes 

Event 
Vr max,  
km/s 

r̂ ,V   
km/s 

Сs,  
km/s 

M7.8 Kunlun,  
11.11.2001 

4.83–5.52 3.31–3.67 3.50 

M7.5 Indonesia,  
10.10.2002 

 3.15–3.34 3.70 

M7.8 Denaly,  
03.11.2002 

4.94–5.58 3.11–3.39 3.50 

M7.5 Carlsberg Ridge, 
15.07.2003 

 3.47–3.95 4.65 

M8.6 Sumatra,  
11.04.2012  

4.90–6.07 4.14–4.94 4.65 

M8.2 Sumatra,  
1.04.2012 

5.00–6.20 3.30–4.50 4.65 

M7.5 Alaska,  
05.01.2002 

 2.91–3.76 3.70 

M7.7 Pakistan,  
24.09.2013 

4.99–6.55 4.15–4.98 3.60 

 
The analysis of high-frequency near-field records 

(for example, [11]) increases chances to discover fea-
tures of the rupture process. Good results come from 
the method of inversion of seismic data from several 
dense seismic networks, yielding accurate estimates 
of the arrival time of high-frequency longitudinal 
waves emitted by each fault segment (for example, 
[12]). It was noted that superfast ruptures are charac-
teristic mainly of strike-slip faults. The authors of 
[12] analyzed the data on 15 dip-slip faults of large 
earthquakes and 8 strike-slip faults with a shallow-
depth source. Five of the eight strike-slip faults had a 
much higher maximum rupture velocity Vr max than 
Cs, while their average r̂V  corresponded to the sub-
Rayleigh regime. At the same time, the supershear 
regime was found in none of the 15 dip-slip events. 
Data on the eight earthquakes are given in Table 1. 

Many earthquakes, including supershear ones, are 
characterized by low values of Vr at the initial stage. 
Figure 1a shows a schematic of the rupture propaga-
tion of the well-known 2002 Mw7.9 Denali earth-
quake in Alaska. The rupture started along the 40-km 
segment of the Susitna Glacier thrust fault. Then it 
arrived at the Denali strike-slip fault system and fol-
lowed the main Denali fault for 218 km from west to 
east. Thereafter the rupture branched and turned to 
the Totchunda fault, staying on its trace for another 
76 km to a stop [13]. The data on the rupture velocity 
of this earthquake are somewhat different. The super-
shear segment was first found to be 38 km in length  
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Fig. 1. Schematic of ruptures in 2002 Mw7.9 Denali earthquake, Alaska (a) and 2001 Mw7.8 Kunlun, China (b) (color online). 

 
[11]. However, according to the later paper [12], the 
rupture kept a high velocity Vr until it intersected the 
Totchunda fault (Fig. 1a), decelerating sharply after-
wards. 

Another example is the 2001 Mw7.8 Kunlun 
earthquake in China [14] (Fig. 1b). This rupture was 
initiated at the westernmost end of the secondary fa-
ult and propagated at a rather low velocity for the 
first 20–30 km, advancing eastward for 20–30 s. 
Then the rupture followed the main Kunlun fault for 
another ~400 km, changing its slope angle by almost 
20°. In [14], the rupture velocity was calculated to be 
Vr ~ 3.3 km/s ~ 0.94Cs for the first 120 km. Then, it 
reached more than 6 km/s, exceeding periodically Cp. 
The seismic inversion method gives more stable va-
lues Vr ~ 4.83–5.22 km/s for this segment [12]. More-
over, maximum displacement was recorded in the 
same fault segment. 

In [15], the authors analyzed the location of fault 
segments with maximum coseismic displacements 
and with high rupture velocities using data on 27 
large (Mw ≥ 6.5) continental earthquakes. The data 
analysis was performed with careful geological inter-
pretation. Consideration was given to the fault age, 
direction of long-term fault propagation, and other 
data. The authors found that large displacement amp-
litudes and maximum rupture velocities are most li-
kely to appear in the mature fault, which is remote 
from its leading, geologically the youngest, end. 

These effects are supposedly induced by the along-
strike heterogeneity of fault properties formed during 
geological evolution [15]. 

In terms of physical mesomechanics, three levels 
of heterogeneity should be distinguished. 

At the macrolevel, the heterogeneity manifests it-
self as a systematic along-strike variation in fault 
properties. In the case of a one-sided fault, this con-
cerns the properties both of the central part contain-
ing the fault core and the slip zone and of the damage 
zone. The stiffness and effective strength of the ma-
terial of the slip zone decrease from the fault end 
(conditional crack tip) to its geological origin. In ad-
dition, many kilometers of slip make macroasperities 
more and more flat and gentle [16]. While the initial 
stages of fault evolution are characterized by inten-
sive fragmentation of asperities, mature faults slip 
with friction along flattened asperities, i.e. the slip 
surface becomes smoother. On the one hand, this en-
larges the segments with friction weakening proper-
ties, and on the other hand, their effective strength is 
likely to decrease as compared to the young seg-
ments, which is due to a decrease in the concentra-
tion of normal stresses at asperities. 

The mesoscopic heterogeneity is revealed in local 
areas of the contact surface that explicitly exhibit 
weakening properties at higher slip velocity and/or 
amplitude. Most likely these areas represent more or 
less dense clusters of asperities of the lower level and 
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are usually located unevenly on the fault plane. Since 
weakening is one of the most important conditions of 
earthquake generation, these areas can be taken as 
concentrations of hypocenters of low-magnitude 
earthquakes. Such clusters comprise the main “fricti-
on element”, which determines the integral features 
of fault shear resistance. Hypocenters of larger events 
are often located in the vicinity of the boundaries of 
these areas [17]. 

Judging from the results of field studies on slip 
zones [16], shear deformation is highly localized du-
ring slip. Seismogenic slip often occurs in the ultra-
cataclastic, clay-bearing zone tens to hundreds of 
millimeters thick (fault core), but the principle cose-
ismic slip can be localized in a zone thinner than 1–
5 mm inside this ultracataclasic core. In this regard, 
the macroscopic effects of friction are largely deter-
mined by processes occurring at the microlevel. On 
the scale 0.01–10 µm, the fault friction is reduced 
primarily by wear (decrease in roughness), while the 
roughness on large scales of natural faults has a li-
mited effect on the basic friction coefficient [18]. 

The role of macro- and mesoheterogeneity in 
strike-slip faulting will be numerically studied in the 
next section. 

3. PROCEDURE 

The problem of faulting at the boundary of two 
homogeneous elastic blocks was solved by numerical 
mathematical modeling. Use was made of a two-di-
mensional software package [19] based on the La-
grangian numerical method called Tensor. Calculati-
ons were performed in a two-dimensional formulati-
on. A system consisting of two elastic blocks was 
considered. The Cartesian axes lay in the contact 
plane (axis X) and perpendicular to it (axis Y). The 
field of uniform shear stresses σxy = τ0 was set as the 
initial condition. The heterogeneity of frictional pro-
perties on the slip surface was modeled by alternating 
friction weakening (FW) zones with friction stable 
(FS) zones with a constant shear resistance equal to 
the background stress τ = τ0. This is a typical situation 
under various tectonic conditions, when, during the 
interseismic period, active areas (asperities) are lock-
ed and do not move, while passive areas are in the 
state of slow creep [16]. 

Friction in the FW zones was given by the relati-
on 
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u is the relative displacement of the fault walls, τu is 
the ultimate frictional strength, τf is the residual fric-
tional strength, d0 is the amplitude of a displacement 
during which the frictional strength decreases from 
the peak to residual value. During the slip process, 
interfacial shear stresses are always equal to τf. 

Length normalization is performed using the Grif-
fith critical crack half-length [7] 
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Here λ and µ are the Lame coefficients, G = 1/4(τu – 

τf)d0 is the effective crack propagation energy, and τ0 
is the background shear stress. 

The following model parameters are used: the 
density ρ0 = 2.5 × 103

 kg/m3, Poisson’s ratio ν = 0.25, 
longitudinal wave velocity Cp = 6000 m/s, shear wave 
velocity Cs = 3460 m/s, τu = 16 MPa, τf = 5 MPa, and 
d0 = 1.8 mm. The τ0 value can vary in different series 
of calculations. Hereinafter, all characteristic dimen-
sions will be given in units Lc c

ˆ( ),L L L  and time 
will be normalized as s c

ˆ .t tC L  The normalized 
physical dimensions of the computational domain ̂  
range from 120 × 120 to 180 × 180. The uniform 
computational grid consists of cells of the size l̂ = 

0.015 × 0.015. 
To activate the crack propagation in a small regi-

on of the contact surface 0 ≤ x ≤ L0, we initiate a stress 
relief with the velocity Vr0 = 0.6Cs. To do this, at each 
computational node xi of the initiation region at the 
time instant ti = xi/Vr0, we set the displacement u = 

1.1u0, where u0 is the threshold displacement, at 
which friction reaches the level of background shear 
stresses τ0 of rocks: τ(u0) = τ0. The calculations show 
that the stress relief region should have a sufficient 
size. At 0

ˆ 3,L   the rupture formation process dies 
out in the immediate vicinity of the initiation site. 
The parameter L0 varies within 0L̂ = 3–6 in the calcu-
lations. 

The stress state of the contact surface is conveni-
ently characterized by the dimensionless parameter 
of fault strength  

 u 0

0 f

.S
  


  

 (2) 

It was shown in [7] that the transition to super-
shear rupture propagation can occur at S < 1.77. From  
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Fig. 2. Velocity vector field (a) and spatial distribution of shear stresses σxy (b) in the supershear regime (t = 56.4) at S = 0.8 (co-
lor online). 

 
(2) it is easily seen that a more “brittle” fault (with a 
low ratio f u )   is characterized by lower average 
stresses (smaller parameter 0 u )   of transition to 
supershear rupture propagation. 

4. CALCULATION RESULTS  

The calculation results for the homogeneous con-
tact surface (friction over the entire surface is de-
scribed by relation (1)) are detailed in [20, 21]. The 
results obtained are in good agreement with the theo-
retical concepts and the previous numerical results 
[7, 8]. Thus, calculations with the parameter S > 1.8 
demonstrated the wave pattern typical of the usual 
sub-Rayleigh regime. In this case, the displacement 
velocity component normal to the fault plane preva-
ils. The rupture velocity at the initial stage approxi-
mates the velocity in the initiation region (vr = 0.6Cs) 
and gradually increases with distance, reaching the 
Rayleigh wave velocity. 

At S < 1.77, the rupture velocity grows gradually 
after the initiation region (vr = 0.6Cs). At the distance 
ˆ 18,x   the mass velocity peaks ahead of the shear 

wave front. After the distance ˆ 30,x   a supershear 
rupture is finally formed. A longitudinal wave runs 
first, followed by a complex oscillation with the cha-
racteristic phase shift of the fault-tangential and 
fault-normal velocity components. In general, the de-
formation field in the supershear segment reveals an 
increase in the amplitude ratio between the tangential 
and normal displacement velocity components with 

distance, i.e. the predominant displacement of the 
material along the fault. 

We emphasize that, according to the used friction 
model, differential motion along the fault is initiated 
under the condition 

 u 0 .xy        (3) 

The stress wave amplitude at the longitudinal 
wave front, as a rule, is insufficient for this condition 
to be fulfilled, and therefore no slip occurs along the 
fault. In the sub-Rayleigh regime, condition (3) is sa-
tisfied only at the shear wave front. The moment of 
fulfillment of condition (3) is called the initiation 
time of differential motion. It is at this moment that 
the rupture is initiated. However, the rupture begins 
to radiate elastic energy when the amplitude of diffe-
rential displacement along the fault u exceeds the 
threshold displacement u0, at which the friction value 
decreases to the background stress τ0. This stage, re-
ferred to as active, is formed behind the shear wave 
front. The displacement velocity field shown in 
Fig. 2a at the time instant t̂ = 56.4 illustrates the 
ground motion in the supershear regime. The rupture 
propagating at the velocity of longitudinal waves 
moves ahead of the shear wave front. The resulting 
secondary shear waves form a conical wave front due 
to interference, the position of which in Fig. 2a is 
marked with the letter C. The supershear crack pro-
pagation at the initial stage is accompanied by a con-
stant increase in the maximum velocity of rupture-in-
duced ground displacement. At the time t̂ = 56.4, the  
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Fig. 3. Hodographs of the beginning of the active slip 
stage at different lengths of the FS zone starting at the 
point x̂ = 14.8: x̂ = 0 (1), 7.4 (2), 14.8 (3), 18.5 (4), 
29.6 (5); curve inf is plotted for the case of stable friction 
over the entire surface (color online). 

 
maximum displacement velocity in the active fault 
zone already exceeds 2 m/s. 

In Fig. 2b, a small elliptical zone with increased 
shear stresses is seen in the vicinity of the fracture 
front, which is associated with the characteristic vor-
tex motion in the medium. The highest shear stress in 
this zone is ~5 MPa, which exceeds the threshold of 
the onset of differential motion ∆τ = 4.9 MPa, i.e. the 
relative displacement of the fault walls begins in the 
vortex zone. A similar result was demonstrated ear-
lier [8]. The zone of maximum shear stresses R falls 
behind and is formed due to the surface wave propa-
gation, where the relative displacement of the walls 
chiefly accumulates (the main crack zone). 

Calculations for the heterogeneous contact surface 
are performed in the presence of one or several “pas-
sive” zones with stable friction on it. The length of 
these zones varies from ˆ 3.7x   to the full length of 
the block. In all variants, the heterogeneous zone 
starts from the coordinate x̂ = 14.8. Some results of 
such calculations are shown in Figs. 3–5. 

A rupture propagates differently through friction 
weakening and friction stable zones of the contact 
surface. As mentioned above, the amplitude of a 
weak longitudinal wave is not enough to move lock-
ed FW zones (asperities). At the same time, in FS zo-
nes where, at τ ≥ τ0, friction is always fully mobilized 
and slip acceleration induces no additional frictional 
strength, the differential motion of the walls propa-
gates exactly at the velocity of the longitudinal wave. 
Thus, a weak longitudinal wave with the intensity in- 
 

 

Fig. 4. Spatial distribution of the amplitude of the hori-
zontal velocity component in the case of a homogeneous 
contact surface (dashed line) and in the presence of a FS 
zone in the segment x̂ = 14.8–18.4 (solid line). 

 
sufficient to move the locked FW zones (asperities) 
causes slip in friction stable zones. This leads to an 
interesting effect: the differential motion in passive 
FS zones starts earlier than at locked asperities. This 
effect explains the negative slope of the hodograph 
curve of the beginning of the active stage in some 
short segments. 

If a rupture is initiated on the homogeneous FW 
surface without FS zones, a crack propagates any 
random distance (Fig. 3, curve inf). 

If the FS zone is large ˆ( 18.5),x   the rupture is 
arrested. The rupture propagation through the FS 
zone is not accompanied by the release of elastic en-
ergy stored in the block, and, consequently, the seis-
mic wave that initiates the rupture gradually decays. 
If the rupture meets another FW zone with a higher 
frictional strength, the intensity of dynamic stresses  
 

 

 

Fig. 5. Hodographs of the beginning of the active slip 
stage for heterogeneous surfaces with different parame-
ters δ = Δx/Lasp = 0 (1), 1.0 (2), 2.5 (3) (color online). 
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may be insufficient and the rupture stops (Fig. 3, cur-
ves 4 and 5). This is the only mechanism for rupture 
arrest within the used model. 

When the surface is composed of FW zones of 
length Lasp alternating with FS zones of length Δx, the 
pattern of rupture propagation becomes more compli-
cated. Figure 4 compares the distribution of the ma-
ximum amplitude of the horizontal slip velocity com-
ponent over the homogeneous contact surface and the 
surface with a FS zone. A sharp local decrease is 
seen in the slip velocity amplitude in the “passive” 
FS zone (Fig. 4). If the passive zone is sufficiently 
long (more than ˆ 18.5x   at S = 0.8), the rupture is 
arrested. Otherwise, the differential velocity ampli-
tude is restored in the subsequent active FW zone. 
Then the transition of the sub-Rayleigh rupture to the 
supershear regime begins. On the heterogeneous in-
terface, such drops in the shear amplitude occur near 
each FS zone. 

The hodographs of the beginning of the active slip 
stage for several heterogeneous surfaces are shown in 
Fig. 5. The length of each FW zone is aspL̂   

asp c 7.4.L L   The parameter aspx L    character-
izing the density of active FW zones (asperities) va-
ries in calculations from 0 to 2.5. This means that, 
the larger the parameter δ, the smaller the area occu-
pied by FW zones. 

If FS zones become longer, the transition to the 
supershear regime occurs farther and farther from the 
site where the heterogeneity begins. At δ ≥ 1.0, the 
pattern is complicated by special features in transiti-
on zones, but in the end the crack velocity exceeded 
the Сs value in all cases, except for δ = 2.5. At the pa-
rameter δ = 2.5 (the fraction of FW zones is less than 
30%), the rupture is arrested. 

5. CONCLUSIONS 

The observational analysis and the performed nu-
merical calculations showed a very wide range of 
rupture velocities in strong earthquakes. This conclu-
sion is of importance in engineering seismology as 
well as for a fundamental understanding of earth-
quake source mechanics. 

A necessary condition for the transition to super-
shear rupture propagation along the heterogeneous 
contact surface is the presence of a sufficient number 
of asperity contact spots, which experience rapid fric-
tional weakening during shear. At the same time, the 
more “brittle” the asperity (the lower the residual 
frictional strength as compared to the peak value), 
the lower the average stresses of transition to super-

shear rupture. The higher microroughness of the con-
tact surface increases the frictional “brittleness” of 
the asperity, thereby enhancing the probability of ini-
tiating a supershear rupture. 

The mesoscopic heterogeneity makes the wave 
pattern more difficult: there appear intervals of de-
crease and increase in rupture velocity and coseismic 
displacement amplitude. After arriving at a long FS 
zone, the supershear rupture continues to propagate 
at a velocity of the longitudinal wave, although the 
amplitude of the differential motion decays. Ultima-
tely, the rupture is arrested when it meets a locked 
zone, which can not be already destroyed at the dyna-
mic impact amplitude. 

Macroscopic heterogeneities — systematic along-
strike variation in fault properties — increase the pro-
bability of fast ruptures in old fault segments. 

The calculation results on a simple model do not 
contradict the seismological data, reflecting such 
phenomena as a gradual increase in rupture velocity, 
rupture acceleration and deceleration, a higher proba-
bility of supershear ruptures in worn-in fault seg-
ments with flatter, wider asperities, long-range pro-
pagation of a supershear rupture, and its sudden ar-
rest. 

Thus, the calculation results showed that a fast 
rupture is more likely to occur in rough (wavy) areas 
of the contact surface, in which contact spots are clo-
sely spaced. The propagation of such a rupture with 
the attenuating displacement amplitude can be stable 
in locally smoother areas. A similar result was ob-
tained in [22]. 
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