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Abstract Several great earthquakes occur on thrust faults along both subduction and continental
collision zones. These events often feature a large shallow slip patch, an asymmetric pattern for the
ground motion, and the static deformation between the hanging wall and footwall of the fault. From a
mechanical point of view, this asymmetry can be partially explained taking into account the interaction
between the fault and the seismic radiation emitted during rupture propagation and stored in the hanging
wall in the vicinity of the free surface. We numerically investigate the rupture dynamics along a thrust
dipping fault impacting onto the free surface at a dip angle of § = 20, in a 2-D elastic model. We show how
the wave interaction of the rupture with the free surface leads to a breaking of the reflection symmetry.
Compared to a rupture propagating in an infinite medium, this interaction enhances the slip rate in the
updip direction as an effect of the coupling between slip and normal traction around the crack front. The
breaking of symmetry leads to sizeable acceleration of the rupture toward asymptotic speed with inertia
acquisition, and dependence of the rupture dynamics on the level of friction along the interface might
produce an interface opening over a finite length in the vicinity of the surface. We finally explore how the
wave interaction drives amplification and asymmetry of the shallow slip and the vertical displacement at the
surface. The described effects should be considered in various numerical approaches and in interpretation
of geophysical observations.

1. Introduction

Understanding the dynamics of a spontaneously propagating frictional rupture along a thrust fault
embedded in elastic media is a long-standing problem with important theoretical and practical implications
in the context of active collision and subduction zones, where large earthquakes predominantly occur.

Noteworthy observations associated with these earthquakes show large shallow slip and/or an asymmetric
ground motion in the hanging wall in the vicinity of the fault—with much larger strong motion and possibly
inelastic deformation—that may trigger significant structural damage, and/or destructive tsunamis, such as
for the 1994 M,, 6.7 Northridge earthquake (Abrahamson & Sommerville, 1996), the 1999 M,, 7.7 Chi-Chi
earthquake (Zhang et al., 2008), the 2004 M,, 9.2 Sumatra earthquake (Shearer & Biirgmann, 2010), the
2011 M,, 9.1 Tohoku earthquake (Lay, 2018; Satake et al., 2013), and the 2013 M,, 7.7 Balochistan earthquake
(Vallage et al., 2015).

Numerical investigations (Ma & Archuleta, 2006; Murphy et al., 2016; Nielsen, 1998; Oglesby et al., 1998,
2000; Uenishi, 2015) of spontaneous rupture propagation along a thrust fault separating two identical elastic
materials have shown that slip-induced normal traction variations and interaction of the rupture with the
free surface through seismic waves enhance the rupture propagation in the updip direction with large slip
close to the surface. This wave interaction also enhances the amount of radiated energy along the forward
rupture direction and with an asymmetry in the ground motion and the surface deformation (Brune,
1996). This has been interpreted as resulting from trapped waves in the hanging wall together with a geome-
trically induced effective compliance of the hanging wall. Material asymmetry between the hanging wall and
the footwall has also been numerically investigated (Ma & Beroza, 2008; Kozdon & Dunham, 2013; Lotto
et al.,, 2017), in particular in the context of subduction zones. Directivity of the rupture propagation induced
by the bimaterial interface is shown to further favor the updip rupture propagation and to allow the penetra-
tion of the rupture also in velocity-strengthening shallow portions of the frictional interface close to the
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surface. The bimaterial effect increases the strength drop along the interface, together with the ground
motion asymmetry and slip concentration close to the surface. However, when a dynamically induced
inelastic effect is included in the hanging wall (Ma, 2012; Ma & Hirakawa, 2013), lower radiated energy
and rupture velocity, together with a smaller directivity effect, are predicted as observed for shallow subduc-
tion earthquakes

Laboratory thrust-fault experiments combined with linear elastic numerical simulations (e.g., Brune, 1996;
Shi et al., 1998) have also provided further insights on the implication of geometrical and material symmetry
breaking on subshear and supershear rupture propagation. In particular, experiments and numerical simu-
lations of Gabuchian et al. (2014, 2017) reveal the existence of a geometrically induced torque mechanism in
the hanging wall. This mechanism reduces the normal traction along the shallow portion of the interface.
The weakening of the interface promotes dynamic rupture propagation up to the surface where spontaneous
fault opening can be triggered. At this stage, a supershear propagation of the rupture downdip is nucleated,
trailed by a sliding pulse propagating at Rayleigh wave speed. Fault opening is supported by early linear elas-
tic fracture mechanics analysis (Erdogan & Arin, 1975; Rudnicki & Wu, 1995; Brune, 1996).

In a different context, recent analytic linear stability analysis (Aldam et al., 2016; Brener et al., 2016) shows
that geometrical symmetry breaking and interaction with the domain boundary have an important implica-
tion on the stability of a finite-height elastic layer sliding atop of a semi-infinite elastic half-space along a
velocity-strengthening frictional interface. The sliding stability is controlled by slip-induced normal traction
variations and by the absolute level of friction along the interface, both of which depend on the degree of
geometrical asymmetry. These studies provide new insights on the implication of symmetry breaking on
the rupture dynamics when the rupture interacts with boundaries.

Finally, laboratory experiments (Fineberg & Bouchbinder, 2015; Goldman et al., 2010), and analytical stu-
dies (Marder, 1991; Zhou & Shioya, 1996) have shed light on interactions of reflected waves with the rup-
ture when the system has a reflection symmetry across the interface. For a rupture propagating in a long
elastic strip, effective inertial dynamics is inherited from the interaction of the rupture with the strip
boundaries, mediated by the waves radiated during the rupture and reflected at the boundary, giving rise
to an acceleration-dependent energy release rate (with a velocity-dependent effective mass) and a memory
effect. This is in contrast with a rupture propagating in an infinite medium for which rupture front
dynamics is not inertial; that is, the rupture front behaves as a massless particle where acceleration plays
no role. When rupture interacts with boundaries, effective inertia dynamics control the rupture accelera-
tion toward the asymptotic propagation speed.

Spontaneous rupture dynamics along reverse-fault frictional interface is thus a not yet well understood com-
plex problem. The effect of the interaction between rupture and waves generated at the free surface depends
on the specific wave type and on the dynamic stage of the rupture at the time of the interaction. The lack of
symmetry, even when the interface separates two identical materials, leads to a coupling between the inter-
facial slip and the normal traction variations with implications on the rupture dynamics and directivity, such
as memory and inertial effects, opening, and a dependence on the frictional level, that need to be
finely addressed.

In this paper, we use extensive numerical simulations to address spontaneous dynamic rupture propagation
along a slip-weakening frictional interface separating two identical elastic materials. The goal is to explore
the implications of the geometric symmetry breaking and of the interaction between the rupture and seismic
waves generated at the free surface on the rupture dynamics and the induced surface deformation. This is
done through a systematic numerical comparison with a symmetric fault interface. Specifically, we finely
analyze sliding-induced normal traction variations during the spontaneous rupture propagation due to
reflected body and Rayleigh waves from the free surface and their effect on the rupture dynamics. We then
investigate effective inertial dynamics occurring during the rupture acceleration toward the asymptotic
speed and explore the opening effect near the surface and the influence of the absolute frictional level on
the energy release rate under the condition of symmetry breaking.

The paper is organized as follows. The numerical method and the geometrical setup of the simulations are
described in section 2; the results are presented in section 3 through systematic comparisons between the
free surface and the unbounded medium cases, for different nucleation depths and different levels of friction.
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2. Numerical Method and Setup
2.1. Mechanical Method

We numerically solve the elastodynamic equation in each point x of the elastic domain and for each time ¢ to

describe the propagation of seismic waves in an elastic medium:
. —

p(X)V(X, t) = 'O'(X, t)

{ @

6(x.£) = c(x) : Vv(x,1)

Here p(x) is the material density, v(x, t) is the particle velocity, o(x, t) is the Cauchy stress tensor, and ¢(x) is
the fourth-order Hooke tensor for linear elasticity. The dot denotes time derivative. We impose that the trac-
tion T = o - n is 0 at the free surface, where n is the outward normal to the free surface. We apply contact and
friction conditions at the zero-thickness interface representing the fault to dynamically model the rupture
propagation. The traction T is imposed to be continuous across the interface, whereas the kinematic quan-
tities can be discontinuous. Slip and slip rate are computed through a domain decomposition along the inter-
face separating the two subdomains on the two sides of the fault interface, hereinafter referred by the
subscripts 1 and 2. We then separately solve equation (1) for the two subdomains. For a point & on the inter-
face, we define the interfacial slip and slip rate as Su(&, t) = u,(&, £) — wy(€, £) and 6v(&, t) = vo(§, t) — vi(§, 0),
respectively.

We assume a Signorini contact condition along the interface:

Su"(§,t)>0
T"(§ 1)<0 @
Su"(&,t)-T"(&,1)0

where the superscript n refers to the component of the fields normal to the interface. The normal vector is
defined as the outward normal to the fault side belonging to medium 1. According to equation (2), when
the total normal traction is compressive, the two blocks are in contact, whereas when the normal traction
perturbation is equal to the initial compressive normal traction (total normal traction T" = 0), the interface
behaves as a free surface; in this case the two lips of the fault are allowed to separate from each other and a
local opening of the interface occurs.

When the two sides of the interface are in contact, the frictional sliding is modeled by imposing the Coulomb
condition:

(IT(§ O] =C(§) +uT" (& 1))|6v' (§ 1) = 0
(IT' & O -CE)| + uT"(§ 1)) <0 ®3)
T!(§,1)-6v'(§,1) = [T (§ 1) [|6v' (5, 1)

The superscript t now represents the tangential direction with respect to the interface, and C is the cohesion
of the interface, which goes to 0 at the free surface. We assume a linear slip weakening behaviour of the fric-
tion coefficient i during the sliding; it linearly decreases from a static level yg to the dynamic one u4 over a
characteristic slip distance D.; beyond D, the friction is maintained constant to the dynamic level (Ida, 1972).
Finally, —u(6u®)T" is the frictional strength.

The first condition in (3) indicates that the frictional sliding (I6v| # 0) occurs when the tangential traction
lies on the surface of the Coulomb cone (IT!| — C + uT™) = 0; when the interface is stick, the traction is inside
the Coulomb cone (the second equation in (3)). The final condition describes the colinearity between the
tangential traction and the slip rate, which is automatically insured in the 2-D models presented in
this work.

Physical quantities are normalized to provide a general framework for the results. In particular, the slip is
normalized by the critical slip weakening distance du = du/D.. The traction T is normalized as T=T /Aoy
assuming a reference stress drop 4o, as the maximum value of the initial stress drop on the fault, that is,
max 7o (x)—py-0%(x)]| with 7o, g, and o9 being the initial shear traction, the dynamic friction coefficient,
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Figure 1. Geometrical setup for the numerical simulations. (a) A thrust planar fault impacts the free surface with a dip
angle § = 20 . On the other three boundaries, perfectly matched layer (PML) conditions are imposed. The red stars on
the fault depict the different nucleation depths. (b) The same fault is embedded in an infinite medium, obtained sur-
rounding the domain with PMLs.

A
% zand

and the initial normal traction, respectively. The distance z and the time ¢ are normalized asz =
e
? N Vs Ao 0
~ GD.
rupture and wave speeds are normalized by the S wave velocity, and the dimensionless slip rate is derived
by the normalization of slip and time.

t, respectively, where G is the shear modulus and V; is the S wave velocity. Accordingly, all the

2.2. Geometrical Setup and Numerical Model

We numerically model the fault as a planar interface intersecting the free surface with a dip angle of 20°
(Figure 1a); the rupture is nucleated at different depths (red stars in Figure 1) and propagates under different
absolute levels of friction along the interface.

The numerical approximation is based on the spectral element method (Komatitsch & Vilotte, 1998)
accounting for nonsmooth contact and friction conditions (Festa & Vilotte, 2006; Scala et al., 2017). The spa-
tial approximation is based on an irregular quadrangular element mesh. The elements naturally follow the
shape of the wedge between the free surface and the shallow part of the fault (Figure S1 in the supporting
information) without generating any mesh-related artifact. We use 9 X 9 Gauss-Lobatto-Legendre colloca-
tion points within each element, and the size of the elements is chosen to ensure at least 5 points for the
minimum wavelength during the rupture propagation (Komatitsch & Vilotte, 1998) and 4 points in the
process zone.

The time integration is performed through a second-order forward scheme. The stability of the time scheme
is ensured by a Courant number of about 0.04.

To numerically mimic an infinite half-space, perfectly matched layers (PMLs) are used on the three
other edges of the model (Festa et al., 2005; Festa & Vilotte, 2005); this allows to strongly reduce spur-
ious reflections from the boundaries of the numerical domain. We evaluate the effect of the interaction
between the rupture and the free surface through additional numerical simulations performed in an
infinite unbounded medium with the same fault geometry, where the free surface is replaced by a
PML (Figure 1b). We verified that the fault is far enough from the PMLs avoiding any mesh-dependent
numerical artifacts.

2.3. Initial Conditions

The interface normal traction is imposed to monotonically increase with depth along the dipping fault
interface to mimic the lithostatic loading as in similar studies (Huang et al., 2012).

The linear slip weakening friction parameters, that is, the static (i) and dynamic (uq) friction coefficients,
and the initial strength excess parameter s = (u,To—T¢)/(To—uyT§) are assumed to be uniform along the
interface. In the above formula the subscript 0 refers to the initial value of the field.

As such, the shear traction, the initial stress, and the strength drop also increase with depth with the max-
imum stress drop at the bottom of the interface. An interface cohesion C'is imposed at about 10% of the max-
imum stress drop and goes to 0 at the free surface.

To analyze the implication of frictional level on the rupture dynamics, and on its interaction with the waves
reflected by the surface, different sets of friction values have been investigated. However, the same initial
normal traction profile is imposed independently of the friction level. We thus rescale the initial shear
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Initial conditions

traction, and we impose for all simulations s — ¢q = 0.2 in order to

15

10¢

Traction

T N o}m al Trécti on keep the same stress drop and strength excess for all the simulations.

—Shear Traction The initial traction and interfacial strength initial distributions are
— Static Strength illustrated Figure 2, for an initial interface strength excess s = 2
Dynamic Strength and two different sets of static and dynamic friction levels:
| Hs = 0.60 and uq = 0.40, and g = 0.25 and ugq = 0. For a strength
excess parameter s = 2 an infinite symmetric rupture is not
expected to accelerate at supershear speeds (Burridge, 1973).

The rupture is initiated by imposing the initial tangential traction
slightly above the frictional strength over a finite length L., large
enough to ensure the dynamic propagation of the rupture away

~~~~~~~~~ from the nucleation (Scala et al., 2017; Uenishi & Rice, 2003).

B P N\ Different nucleation depths were investigated (see Figure 1).

15 1.0 0.5 0 Indeed, depending on the nucleation depth, the interaction can

Depth be triggered when the rupture is still in its acceleration phase or

it has already reached the asymptotic speed. This aspect may con-

Figure 2. Initial traction conditions as a function of depth. Both depth and trac- trol the acceleration and stationary propagation of the crack.
tion are expressed in terms of dimensionless parameters. The blue line represents ~ Moreover, the memory effects inherited from the history of the

the normal traction profile that is the same for all the simulations. Red, black, radiation might play a role in controlling the rupture dynamics

and green solid lines describe the initial shear traction, the static frictional

affecting the total stored energy in the hanging wall.

strength, and the dynamic frictional strength, respectively, for the simulations
performed imposing the highest adopted friction level (is = 0.60 and uq = 0.40).  For a fixed nucleation depth, the ratio Tk,,./T", with T%,. the tangen-

Red, black, and green dashed lines describe the initial shear traction, the static tial traction in the nucleation patch, is rescaled in order to keep con-

frictional strength, and the dynamic strength level, respectively, for the simula-
tions performed imposing the lowest used friction level (ug = 0.25 and ug = 0.05).

stant the strength drop in the nucleation area when changing the
friction coefficients.

3. Results
3.1. Rupture Dynamics and Free Surface Wave Interaction

We examine here the implication of the symmetry breaking due to the fault-wave interaction, on the rupture
dynamics as the rupture propagates along the interface toward the free surface.

In Figure 3 we show the evolution of the slip rate (blue solid lines) and the normal traction perturbation
(blue dashed lines). These curves are compared with the same quantities for the case where the interface
is embedded in an unbounded medium under the same initial conditions (red curves). At the same time
steps we also represent the kinetic energy density field in the medium for the simulations with free surface.
In Figure 4, we show the absolute values of the first invariant (volumetric deformation) and second invariant
(shear deviatoric deformation) of strain tensor at the same time steps as in Figure 3.

At the early stage of the rupture (f = 2.3) before the onset of the interaction, the slip rate profiles are over-
lapped (Figure 3a) and the waves emitted from the rupture have not yet reached the fault after being
reflected/converted at the free surface. The normal traction perturbation at this stage is 0, and the solutions
are the same as the ones retrieved for the symmetric rupture propagating along a planar interface embedded
in an infinite medium. The symmetry across the interface is also confirmed investigating the kinetic energy
field (Figure 3b) and the deformation fields (Figures 4a and 4b) at the same time.

Figure 3c shows the slip rate and the normal traction perturbation just after the onset of the interaction (f =
4.6). When the interaction starts, the rupture dynamics is affected at the crack front and behind the tip where
the crack is sliding at the dynamic friction level. At this time, in the upward direction, the slip rate is
enhanced at the crack front. Behind the process zone, the rupture undergoes an overshoot with a further
increase of the slip rate. At this stage the maximum of the normal traction perturbation is behind the process
zone. This implies that the largest slip rate enhancement with respect to the unbounded case is observed in
the region slipping at the dynamic friction level.

The blue dashed line in Figure 3c evidences how the increase of slip rate is due to the symmetry breaking
generated by the normal traction perturbation. Ahead of the crack front, wave interaction with the
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Figure 3. (a, c, e) The dimensionless slip rate (solid lines) and the normal traction perturbations (dashed lines) are
plotted as a function of the normalized depth at the three time steps { = 2.3;4.6; 7.4. The slip rate for the same simula-
tion in an unbounded medium is plotted with a solid red curve (for the symmetric case the normal traction perturbation
is 0). (b, d f) At the same time steps, the kinetic energy density field in the medium for the free surface simulation.

unslipping part of the interface produces a compression in the normal traction. Instead, at and behind the
crack front, the slip-induced normal traction perturbation is tensile, making the upward propagation
favored with respect to the symmetric case as supported from laboratory (Brune, 1996) and numerical
models (Nielsen, 1998; Oglesby et al., 1998, 2000).

Wave interaction of the rupture with the free surface is also shown through the kinetic energy density
(Figure 3d) and the deformation fields (Figures 4c and 4d). These quantities evidence the symmetry breaking
in terms of nonuniform and increasing hanging-wall stored energy due to the reflected body and surface
waves produced during the rupture propagation (Brune, 1996; Shi et al., 1998). This in turn leads to a mem-
ory effect and to an increasing effective compliance of the hanging wall. As such, the effect of breaking the
reflection symmetry in this system resembles that of a bimaterial rupture advancing in the direction of the
slip in a more compliant medium (Andrews & Ben-Zion, 1997; Harris & Day, 1997; Rubin & Ampuero, 2007;
Scala et al., 2017).

As the rupture continues to propagate upward the symmetry breaking is strengthened. As a result, the slip
rate and the normal traction perturbation increase more and more. At = 7.4 the maximum of the slip rate
at the crack front is more than twice larger than the corresponding value in an unbounded medium; the
same effect is observed for the dynamic overshoot behind the process zone. In other words, when the rupture
enters in the zone where the frictional strength and the stress drop are small enough to be comparable with
the imposed level of cohesion, the rupture dynamics is dominated by the rupture-surface waves interaction
and by the symmetry breaking. At this stage, most of the kinetic energy is concentrated in a narrow domain
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First invariant Second invariant

Figure 4. For the same time steps as in Figure 3 the absolute value of the (a, c, e) first and (b, d, f) second invariants of the
strain tensor are shown, which describe the volumetric and deviatoric deformations of the medium, respectively. An
evident symmetry breaking can be recognized in the snapshots (Figures 4c-4f).

around the crack front (Figure 3f). In the vicinity of the surface, most of the energy from surface and body
waves is stored in the hanging wall as emerging from the deformation field in the medium (Figures 4e
and 4f). This asymmetry is retrieved in the ground motion as supported by Nielsen (1998) and Oglesby
et al. (2000).

To verify that the results are not affected by a mesh-related artifact, a mesh refinement analysis has been per-
formed. The same rupture dynamics has been simulated using a refined mesh with half of the mesh size. In
Figure S2 of the supporting information the slip rate curves at different stages of the dynamic rupture
obtained with different mesh resolutions do superimpose, which warrants the numerical convergence of
the simulations.

3.2. Rupture Speed and Inertial Effect

The position of the crack tip in presence of a free surface (Figure 3e) in comparison with a crack propagating
in an unbounded medium indicates that the free surface-rupture wave interaction also has an effect on the
rupture acceleration and thus on the average rupture speed during the upward propagation.

Figure 5a shows the time of the slip activation along the interface, during the upward propagation, as a func-
tion of the dimensionless depth Z both for the case with free surface (blue dots) and for the unbounded med-
ium (red dots), for the same simulations as in Figure 3. After the nucleation phase, the rupture speed is the
same for the two cases, as long as the interaction is not triggered. When the interaction starts, the symmetry
breaking causes a faster acceleration of the rupture. Finally, both ruptures accelerate toward the Rayleigh
wave speed expected as the asymptotic subshear limit for a rupture propagating in a homogenous medium
(Burridge, 1973).

In this simulation the interaction is triggered when the rupture speed is at ~60% of the S wave velocity. Then
the increasing symmetry breaking generates a sizeable acceleration effect. The rupture accelerates
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Figure 5. Plots of rupture time as a function of depth. (a) The rupture time is shown for the free surface (blue dots) and
unbounded medium (red dots) simulations as in Figure 3. The black dashed line represents the slope corresponding to
the Rayleigh speed in the medium. Both ruptures reach the asymptotic speed but at different times, as an effect of the
inertia acquired by the rupture, when interacting with waves from the free surface. (b) The same quantities are plotted for
a simulation having a deeper nucleation. When the asymptotic speed is reached before the wave-rupture interaction
starts, the inertial effect can be neglected.

(Figure 5a) toward the asymptotic speed limit much faster in the asymmetric system than in
the symmetric one.

The rupture speed, when reflection symmetry is broken, is ~10% larger at a normalized depth of ~1.2 and
20% larger in the vicinity of the surface as compared to that in the symmetric case. The values of the rupture
velocity are reported in the Figure 5a.

On the contrary, if the interaction starts when the rupture is close to the Rayleigh speed, both the symmetric
and asymmetric ruptures proceed at the same numerical speed limit. This is illustrated in Figure 5b, for a
numerical simulation realized with the same geometrical and initial conditions but with a
deeper nucleation.

When the rupture approaches the asymptotic speed limit, the energy spent to further accelerate the rupture
tends to 0, and the stored energy in the hanging wall increases the effects of the symmetry breaking. This
leads to a more pronounced increase of the maximum slip rate at the crack front and of the maximum of ten-
sile normal traction perturbation as shown in Figure S3 in the supporting information.

This nonclassical rupture acceleration effect is a complex effect triggered by two coupled factors: First, the
slip-induced tensile normal traction perturbation at and behind the crack tip leads to a weakening of the
interface that promotes the upward rupture acceleration toward the asymptotic speed limit; second, effective
inertial dynamics is inherited from wave interaction of the rupture with the free surface during the upward
propagation giving rise to memory and effective hanging-wall mass.

The latter factor is supported by theoretical results (Fineberg & Bouchbinder, 2015; Marder, 1991) in the case
of a crack propagating in an externally loaded infinite strip. Even if the system possesses a reflection symme-
try, wave interaction of the rupture with boundaries leads to an energy release rate involving an inertial term
and an effective mass, which decreases to 0 as the rupture speed approaches the speed limit. Experimental
results are also supporting these theoretical results evidencing a sluggish acceleration of the rupture in a
strip, toward a speed limit lower than the Rayleigh wave speed. Conversely, we have shown that the symme-
try breaking in the case of dipping reverse faults always favors the rupture acceleration toward the limit
speed, owing to the slip-induced tensile normal stress perturbation behind the crack tip.

3.3. Friction-Level Sensitivity

For symmetric ruptures in unbounded elastic media, the energy balance is controlled by the frictional
strength and the stress drop all along the rupture propagation and therefore by the strength excess s. The fric-
tion level does not modify the rupture dynamics as far as it does not affect these parameters.
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Figure 6. Comparison between simulations with different friction levels. The slip rate (solid lines) and the normal traction
perturbation (dashed lines) are plotted as a function of the normalized depth for two levels of friction at the same time
steps as in Figure 3. The blue curves are obtained for ¢ = 0.60 and g = 0.40, and the gray curves for ug = 0.25 and

ug = 0.05.

Recent theoretical analysis has shown that when the reflection symmetry across the interface is broken by
the effect of wave interaction of the rupture with boundary, the linear stability condition governing the
unstable dynamic propagation includes an explicit dependence on the friction level (Aldam et al., 2016).

The slip rate and normal interface traction perturbation are shown in Figure 6 for two numerical experi-
ments performed with different sets of friction coefficients (us = 0.60 and ug = 0.40, and us = 0.25 and
g = 0.05), at the same time steps as in Figure 3.
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Figure 7. Rupture time as a function of normalized depth for the two simulations
with ug = 0.60 and pgq = 0.40 (blue dots) and g = 0.25 and ugq = 0.05 (gray dots).

At time t = 2.3 (Figure 6a) wave interaction of the rupture with the
free surface has not yet been triggered, and the two solutions are
identical and independent of the absolute level of friction.

After the triggering (f = 4.6; Figure 6b) the increase of the slip rate at
and behind the crack front is larger for the largest level of the friction.
At this stage, both systems undergo a breaking of the reflection sym-
metry, which is evidenced by a tensile slip-induced normal traction
perturbation behind the crack front, which is still undistinguishable
between the two simulations.

At a later time (f = 7.4), the difference between the two systems in
term of the maximum slip rate at the crack front increases more
and more. This is driven by the difference in amplitude of the slip-
induced normal traction perturbation in the two cases (Figure 6c).
When the reflection symmetry is broken, the traction perturbation
is triggered, and the coupling of the tangential slip with the normal
traction increases with the level of friction.

The absolute level of friction is also affecting the rupture acceleration.
The larger the friction level, the faster the acceleration is toward the
Rayleigh speed (Figure 7). This is, to our knowledge, a new result
with important implications for reverse-fault rupture dynamics.
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3.4. Interface Opening

In the previous subsections we have shown how reflection symmetry
breaking, due to wave interaction of the rupture with the free surface,
leads to a tensile slip-induced normal traction perturbation at and behind
the crack front.

As the rupture propagates updip, the tensile slip-induced traction pertur-
bation occurs in regions of the fault where the initial normal traction is
smaller and smaller. Thus, in the vicinity of the free surface, the initial

an.‘sam'aa@‘ T

_,___,_94/-”**\\\ - 1'5\ normal traction becomes small enough to possibly allow an opening of
i gy Toa o the interface.
|/r~—-'i e 6v 1 ~
:} ! Figure 8 shows, at the dimensionless time step ¢t = 10.7, the distributions
! ----T" : of the slip rate and normal traction perturbation for the two simulations
25 20 15 1.0 05 0 described in the previous subsection.
Depth For the largest friction level (blue curves), an opening of the interface

Figure 8. Slip rate (solid lines) and normal traction perturbation (dashed
lines) plotted as a function of depth for us = 0.60 and uq = 0.40 (blue dots)
and for ug = 0.25 and pgq = 0.05 (gray dots). The black vertical dashed line
marks the opening domain for the simulation with ug = 0.60.

starts at the crack tip and then, almost instantaneously, propagates toward
the surface, through the portion of the interface where a compressive per-
turbation was previously induced by the waves. This portion has a finite
length, and after the opening, it no longer comes back in contact, behav-
ing as a free surface. The separation between the frictionally sliding por-
tion of the interface (where a slip rate is defined and the total normal
traction is negative) and the opened part of the interface (where the total normal traction is 0) is marked in
Figure 8 by a black dashed line. At this point the asymmetric deformation around the propagating crack
front is instantaneously released as an effect of the end of the frictional propagation (Figure S4 in the
supporting information).

For a system that possesses reflection symmetry (unbounded system) we never observe an opening of the
interface, even if the topmost point of the interface has zero normal traction to mimic the same
initial conditions.

The intensity of the slip-induced normal traction perturbation effect depends on the friction. In Figure 8, at
t = 10.7, the solid and dashed gray curves represent the slip rate and the normal traction perturbation for the
smallest friction level. In this case, no opening occurs, and frictional slip may propagate up to the free
surface.

For the same initial traction conditions, the opening effect is controlled by both the nucleation depth and the
friction level. Figure 9a shows the opening length as a function of the barycenter of the nucleation patch. The
deeper the nucleation, the larger the opening length is. Since a larger opening domain implies a stronger
induced normal traction perturbation, this effect is due to the larger amount of radiation emitted by the rup-
ture and stored in the hanging wall. Similar results are obtained as a function of the static level of friction:
The larger the friction values, the longer the opening patch is (Figure 9b).

3.5. Shallow Slip and Surface Displacement

In all simulations, strong and asymmetric ground motion and surface deformation are the signature of an
asymmetric distribution of the kinetic and of the history-dependent stored energy that results from the geo-
metric broken reflection symmetry across the interface as the rupture propagates upward. This is supported
by previous numerical results (e.g., Nielsen, 1998; Oglesby et al., 2000).

Figure 10a shows the coseismic slip distribution, as a function of the depth, along the interface for two dif-
ferent cases with the same dipping-interface geometry and nucleation depth, but with different absolute
level of friction, for example, (1 = 0.6 and gy = 0.4) and (¢; = 0.25 and g = 0.05). For comparison, a result
for the latter friction condition but in a system that possesses reflection symmetry (unbounded medium) is
also added.

While for asymmetric system the maximum interface slip is concentrated around the nucleation zone, the
symmetry breaking leads to large amplitude slip that increases along the upward portion of the interface
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Figure 9. (a) The opening length is plotted as a function of the nucleation depth. (b) The opening length is plotted as a
function of the static friction coefficient. The blue dots indicate that for small friction values the opening does not occur.
The opening length increases with both nucleation depth and friction level.

and reaches a kind of plateau, for both sets of friction. The higher the friction, the larger is the maximum slip
amplitude. Slip in the vicinity of the free surface is generally about 3 to 4 times larger than that in the
unbounded case.

Figure 10b shows the static vertical displacement along the free surface, as a function of the horizon distance
measured from the intersection of the frictional interface with the free surface. Strong uplift on the hanging-
wall side, close to the interface, is the signature of geometric reflection asymmetry as a result of the wave
interaction history of the rupture with the free surface. As such, the static vertical displacement depends also
on the absolute level of friction of the interface.

3.6. Interface Cohesion

In this model, small stress perturbations driven by waves may induce episodic unrealistic sliding near the
free surface disconnected from the mother crack, since the frictional strength goes to 0 in the upper portion
of the interface. The use of a small, though nonzero cohesion helps in limiting this effect.

To evaluate the influence of the interface cohesion, we compare the solutions obtained in the previous sec-
tions with simulations where C = 0. In Figure 11 we compare the slip rate and the normal traction perturba-
tion for the same system as in Figure 3 at two different time steps during the rupture propagation. The
different energy balance, due to the lack of the cohesion, leads to an enhanced updip propagation in terms
of both maximum of slip rate at the crack front and rupture velocity (black curves).

(a) Free Surface - u; = 0.60 (b)

Opening

2 x Unbounded
medium "~

Free Surface - u; = 0.25

Slip on the fault

Unbounded medium

Vertical displacement on the surface

25 2.0 1.5 1.0 0.5 0 -15 -10 -5 0 5
Depth Distance from the fault

Figure 10. (a) The final slip on the fault is plotted as a function of depth for an unbounded simulation (red curve), a free
surface simulation with the lowest level of friction (gray curve), and a free surface simulation with the highest level of
friction (blue curve). The vertical dashed line marks the opening domain for this latter simulation. (b) For the same
simulations, the static vertical displacement is plotted as a function of the horizontal distance from the point of the fault on
the surface. Negative values represent points on the hanging wall (see Figure 1), while positive ones refer to points on
the footwall. The red dashed line is the result of the solid line multiplied by 2, this factor accounting at the first order for the
free surface effect.
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Figure 11. Comparison between two simulations for which C # 0 (blue curves) and C = 0 (black curves). The dimension-
less time (a) f = 7.4 and (b) T = 8.6. Solid and dashed lines show the spatial distribution of the slip rate and the normal
traction perturbation, respectively.

When there is no interface cohesion, a secondary crack emerges ahead of the rupture front, increasing the
compressive perturbation ahead the mother rupture front associated with seismic waves. The secondary
crack propagates up to the free surface, while it is initially suppressed by the use of a cohesion
(Figure 11a) and emerges later close to the surface (Figure 11b).

It is worthy to note that despite the fact that the different energy balance slightly changes the rupture
dynamics between the two cases, the cohesion does not change the qualitative behavior of the rupture
dynamics, the rupture-wave interaction, the changes in the rupture speed, and the interface
opening features.

In the case where C # 0, when the normal traction goes to 0 (opening condition), an instantaneous stress
drop by an amount of C occurs, transferring elastodynamic energy around the opened portion of the inter-
face. However, due to the low cohesion level, this energy is negligible compared to the energy stored in the
hanging wall and no significant dynamic effect emerges. Moreover, this stress drop does not trigger spurious
effect on the results as shown by the grid refinement analysis.

4. Discussion and Conclusions

In this work, combining different numerical experiments, we deeply investigated how the dynamics of a
thrust rupture reaching the surface is controlled by the symmetry breaking due to the interaction of the fault
interface with the seismic waves in the vicinity of the free surface.

Seismic waves radiated during the rupture propagation get reflected/converted at the free surface and
trigger a rupture/surface interaction when they reach the crack again. As such the crack is interacting
with its own history giving rise to memory. Using simple geometrical considerations, the distance d;
from the free surface at which this interaction affects the crack tip depends on the nucleation depth

dy, the dip angle 6, the S wave velocity V,, and the average rupture speed 17,, according to the formula:

d—d|1- V,-sinf @

\/V2=V?2- cos20

This quantity is normalized by a characteristic length scale of the problem that is expressed in equation (4)
by the nucleation depth; the faster the rupture, the shallower the trigger of the interaction. More details
about this geometrical interpretation are provided in the supporting information (see Figure S5 and the
related text).

We finely investigated how this wave interaction controls the coupling between the shear and the normal
traction perturbation, which is shown to be compressive ahead of the crack front and extensional behind
it. Signature of this geometric breaking of the reflection symmetry can be found on the radiated energy
and the history-dependent stored energy in the hanging wall. As a result, the surface ground motion is also
asymmetric as also evidenced by previous numerical and laboratory studies (Nielsen, 1998; Oglesby et al.,
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1998, 2000; Uenishi, 2015; Ma & Archuleta, 2006) and expected from seismological observations
(Abrahamson & Sommerville, 1996; Vallage et al., 2015). We found that the symmetry breaking leads to
an enhancement of the slip rate at the crack tip, associated with a sudden decrease of frictional strength
similarly to a bimaterial interface case (Harris & Day, 1997).

We also found as a new result that the geometric asymmetry induced by the wave interaction of the rupture
with the free surface drives faster acceleration of the rupture toward the asymptotic Rayleigh wave speed
limit than in a symmetric configuration. This is due to the tensile normal traction perturbation and inherited
inertial dynamics involving a velocity-dependent effective mass (Marder, 1991). This is in contrast with the
rupture propagation within an infinite strip, where the inertia dynamics inherited from rupture/wave inter-
action reduces the acceleration of the rupture toward the limit speed (Fineberg & Bouchbinder, 2015;
Goldman et al., 2010). It is worthy to note here that in our idealized reverse fault, the stronger acceleration
does not lead to a short rupture time. Indeed, the rupture does not arrest when it impacts against the free
surface because the surface waves trapped in the hanging wall continue to sustain the slip growth with time
leading to average longer rupture durations for ruptures lacking the reflection symmetry.

An important outcome of this study is that the symmetry breaking leads to a dependence of the rupture
dynamics on the absolute level of friction: A higher level of friction induces a larger amplitude of the slip-
induced normal traction perturbations, which in turn favor the updip rupture propagation increasing the
inertia effect and the slip rate enhancement. This result is supported by a linear stability analysis (Aldam
et al., 2016) showing frictional dependence of the sliding for a system that lacks reflection symmetry across
the interface.

We then found that when the rupture propagates along the shallowest portion of the interface, where the
initial normal traction and stress drop decrease, the tensile traction perturbation may lead to an interface
opening. This feature propagates almost instantaneously up to the free surface with the two sides of the
interface separating along a finite length of the interface. We also found that the opening effect is also depen-
dent on the frictional level and the rupture propagation distance from the nucleation, and for small values of
the friction, the opening does not occur.

A recent laboratory study (Gabuchian et al., 2017) also supported the possibility of an interface opening as a
result of a torque mechanism. Such torque mechanism might result from large deformations as the rupture
approaches the free surface, which are not investigated in this study, where the simulations are performed
under a small deformation hypothesis.

Beyond this, the opening effect of a crack reaching the free surface has been already shown in the numerical
experiments by Shi et al. (1998), confirming the laboratory results by Brune (1996). However, diversely from
these models the features of the opening are different. In our model, where the tectonic loading increases
with depth, with small normal and tangential traction close to the surface, the opening is limited to a region
close to the surface and does not propagate back along the fault. In addition, the two sides of the fault do not
longer come in contact after the opening. The use of a high-resolution numerical method with nonsmooth
contact and friction conditions, such as the spectral element method, allows to characterize how the opening
is generated and to analyze the size of the opening region as a function of the friction coefficient and the
nucleation depth.

As a direct implication of this study, we showed that in our model the effect of wave interaction of the rup-
ture with the free surface drives strong amplification and asymmetry of shallow slip and large vertical static
surface displacement, which have important implications in terms of tsunami source and tsunami potential
for an off-shore event. Recent studies have shown that a large amount of slip from several thrust earthquakes
concentrates along the shallower part of the fault both at large collision zones (e.g., in the case of the 1999
M,,7.7 Chi-Chi earthquake; Tanaka et al., 2006; Zhang et al., 2008) and along subduction interfaces, such
as for the 2004 M,, 9.2 Sumatra earthquake and the 2011 M,, 9.1 Tohoku earthquake (Lay, 2018; Lorito et al.,
2016; Romano et al., 2014; Shearer & Biirgmann, 2010). The unexpectedly large slip in the shallow low-
rigidity portion of the subducting plate was identified as responsible for the huge tsunami waves that
devastated the near coastal areas (e.g., Mori et al., 2011; Satake et al., 2013). Moreover, the longer average
rupture duration is a feature commonly observed for shallow earthquakes (Bilek & Lay, 1999; Geist &
Bilek, 2001) as well as for the so-called tsunami earthquakes such as the historical 1896 M, 7.2 Sanriku
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(Tanioka & Satake, 1996) and 2010 M,, 7.8 Mentawai earthquakes (Yue et al., 2015). In our results, all these
effects are shown to be dependent on the level of friction, and they are always significant when compared to
the symmetric case.

Broken reflection symmetry in reverse-fault systems can also be constitutive in nature, and more realistic
reverse-fault models could include softer shallow layers, such as accretionary prisms in subduction zones,
and inelastic dissipative mechanisms in the hanging wall (e.g., Ma & Beroza, 2008; Ma, 2012; Ma &
Hirakawa, 2013, Kozdon & Dunham, 2013; Lotto et al, 2017). When rupture enters or interacts with such
layers, the absolute value of the rupture speed might decrease even for a constant ratio between the rupture
speed and the S wave speed (Murphy et al., 2018). Constitutive bimaterial might enhance the effect of the
wave interaction of the rupture with the free surface and increase the coupling between interfacial slip
and normal traction perturbation (e.g., Ma & Beroza, 2008). This can contribute to increasing the rupture
duration in the case of shallow events. Moreover, small friction levels in the vicinity of shallow accretionary
sediments might affect the amplification of the vertical ground motion (Murphy et al., 2018). Inelastic dissi-
pation effects in the hanging wall, such as off-fault damage or plasticity (Thomas & Bhat, 2018), may also
contribute in the ground motion damping.

We selected a single dip angle for our simulation (20°) that corresponds to an intermediate value for some
subducting interfaces, between the very low dip angles in the vicinity of the oceanic trenches (Kozdon &
Dunham, 2013) and the steepest slopes revealed by seismic imaging at larger depths (Satriano et al., 2014;
Takahashi et al., 2004). A more extended parametric study might allow us to assess more quantitatively
the wave interaction effect of the rupture with the free surface, as a function, for example, of the dip angle
and of the initial traction profile along the interface. Nevertheless, as long as the hypothesis of increasing
initial normal traction with depth can be considered valid, the interpretation framework provided in this
study can be at least qualitatively extended to interfaces with smaller dip angles.

Finally, since no system is perfectly symmetric, we believe that geometrically induced coupling between
interfacial slip and normal traction perturbation, induced by wave interaction of the rupture with bound-
aries, may exist in a broad range of frictional fault systems. Consequently, coupling of seismic waves with
the rupture should be incorporated in various numerical approaches and when interpreting
geophysical observations.
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