Earth and Planetary Science Letters 619 (2023) 118310

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/epsl

Check for
updates

The spectrum of fault slip in elastoplastic fault zones

Md Shumon Mia®"*, Mohamed Abdelmeguid b.c. Ahmed E. Elbanna "¢

@ Department of Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA

b Department of Civil and Environmental Engineering, University of lllinois at Urbana-Champaign, Urbana, IL, USA

¢ Graduate Aerospace Laboratories, California Institute of Technology, Pasadena, CA, USA

d Beckman Institute of Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IL, USA

ARTICLE INFO ABSTRACT

Article history:

Received 11 March 2023

Received in revised form 27 June 2023
Accepted 8 July 2023

Available online 26 July 2023

Editor: R. Bendick

Natural faults are typically surrounded by damage zones that exhibit inelastic material response. This
study investigates the role of fault zone strength in modulating the spectrum of fault slip across
different spatio-temporal scales. We carry out long-term simulations of seismic and aseismic slip for
an elastoplastic spring slider model with rate-and-state friction as well as a continuum model of a 2D
anti-plane rate-and-state fault embedded in an elastoplastic bulk. Results of the elastoplastic spring slider
model show the emergence of a new stability boundary, depending on the bulk yield strength relative to
fault frictional strength, that limits the rupture size regardless of the fault length. Continuum simulations
generate a spectrum of slip analogous to the spring slider model including localized or migrating events
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of slow and fast slip. A fault may remain locked for yield strength sufficiently low and close to fault

I:Si/twhgﬁi:l:(e avele reference strength even if it is intrinsically rate weakening and larger than the nucleation length scale
slow slip predicted by the elastic analysis. These findings shed new light on the nature of fault frictional stability
off-fault deformation and suggest the critical role of the fault zone rheological properties in modulating the spectrum of fault
numerical simulation slip.

plasticity © 2023 Elsevier B.V. All rights reserved.
fault zones

1. Introduction

Unstable sliding of geologic faults manifests itself as earth-
quakes—one of the deadliest and most prevalent yet unpredictable
natural hazards. Apart from large earthquakes, faults are also found
to host small earthquakes and slow slip events (Beroza and Ide,
2011; Ito et al., 2013; Biirgmann, 2018). Usually, earthquakes are
associated with frictional sliding on fault surfaces encompassing
long-term slow aseismic slip and rapid seismic ruptures (Avouac,
2015). However, fault zone complexities, including geometric and
material non-linearity (Ben-Zion and Sammis, 2003; Mitchell and
Faulkner, 2009; Lewis and Ben-Zion, 2010), influence the fault slip
behavior leading to complex patterns of seismicity in space and
time (Chen et al., 2020; Ross et al., 2020). Physics-based simula-
tions for sequences of earthquakes and aseismic slip (Ben-Zion and
Rice, 1993; Lapusta et al., 2000; Chen and Lapusta, 2009; Kaneko
et al,, 2010; Barbot et al., 2012; Allison and Dunham, 2021; Er-
ickson et al., 2023; Jiang et al,, 2022; Abdelmeguid and Elbanna,
2022a, 2022b) are emerging as promising tools for understanding
the complex processes associated with different forms of frictional
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instabilities and resulting slip pattern, as well as in developing
seismic hazard models.

Stable and unstable frictional sliding is largely attributed to
the frictional properties of the fault whether the steady-state
frictional strength increases with slip rate (velocity strengthen-
ing) or decreases with slip rate (velocity weakening). A velocity-
strengthening patch is generally associated with stable aseismic
sliding and may become unstable through enhanced coseismic
weakening associated with flash heating or a rapid increase in
pore fluid pressure due to shear heating (Noda and Lapusta, 2013).
While a fault with velocity-weakening friction is locked during the
interseismic period, it is potentially unstable and generates differ-
ent patterns of slip. The style of slip in terms of peak slip rate,
spatial extent, and temporal periodicity, depends on the size of the
velocity weakening patch relative to the critical length scale associ-
ated with nucleation as well as the relative magnitude of frictional
parameters associated with static and dynamic stress drop (Barbot,
2019; Cattania, 2019). Generation of slow slip sequence accompa-
nied by slow earthquakes are shown in Barbot (2019) to depend on
the relative magnitude of the frictional parameters and the relative
fault size. Specifically, slow slip is found in these studies when the
length of the velocity weakening patch is close to the nucleation
length.
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Experimental studies (Leeman et al., 2016; Scuderi et al., 2016)
show emergence of spectrum of slip controlled by the ratio be-
tween the elastic stiffness (k) of the loading medium and the
critical stiffness (k.) governed by frictional rheology. Stable slid-
ing corresponds to % > 1 and fast stick-slip instability occurs with

% « 1. Slow slip is observed near the transition between stable

and unstable sliding with % ~ 1. These results conform with the
stability analysis of spring slider model with rate-and-state friction
(Ranjith and Rice, 1999) and provide a possible explanation for the
spectrum of fault slip considering the off-fault bulk as elastic.

Geologic heterogeneities observed along natural faults (Fagereng
and Sibson, 2010; Collettini et al., 2019) can play a role in gener-
ating different styles of slip including slow slip and fast rupture.
Skarbek et al. (2012) shows that geologic heterogeneity in terms
of the different proportions of velocity strengthening and velocity
weakening patches may give rise to slow slip. Small scale hetero-
geneity in fault gauge inferred from laboratory friction experiment
(Bedford et al., 2022) is shown to influence frictional stability
through reduction in fault strength with increased heterogeneity.
Also, the rate-dependent evolution (Kaproth and Marone, 2013) of
frictional parameters is a possible mechanism for slow slip gener-
ation. Velocity-weakening friction generating stick-slip instabilities
may generate slow slip when rate-and-state friction parameters
evolve with slip rate and take transition from velocity weaking to
velocity strengthening. Numerical simulations using a spring-slider
model by Im et al. (2020) show that velocity dependent frictional
parameters enable generating slow slip events having similar char-
acteristics to those observed in nature (Dragert et al.,, 2001; Heki
and Kataoka, 2008; Radiguet et al., 2012). However, it is not clear
what physical mechanism may lead to this rate dependence of the
frictional parameters.

Pore pressure also plays an important role in controlling spec-
trum of slip. Fluid pressure reduces effective normal stress and
increases the nucleation length scale. Accordingly, the size of the
seismogenic velocity-weakening patch decreases relative to the
size of the nucleation patch. This results in slow slip transients (Liu
and Rice, 2007). Dilatant strengthening (Segall et al., 2010), result-
ing in reduced pore pressure, also explains the generation of slow
slip events in a seismogenic velocity-weakening region. Slow and
fast slip may arise through the relative contribution of dilatancy-
induced strengthening and enhanced coseismic weakening due to
thermal pressurization of pore fluid. Dilatant hardening itself may
be a manifestation of inelastic processes associated with propagat-
ing crack tip (French and Zhu, 2017).

These on-fault characteristics controlling the spectrum of slip
are investigated mostly with homogeneous elastic bulk. Heteroge-
neous bulk with a low velocity zone near the fault may generate
slip complexity (Abdelmeguid et al., 2019; Thakur et al., 2020; Nie
and Barbot, 2022). Also, a recent study by Collettini et al. (2022)
explains the observation of distributed microseismicity through a
conceptual model of distributed ductile deformation in the bulk.
Incorporation of viscoelastic fault zones (Miyake and Noda, 2019;
Goswami and Barbot, 2018) and viscous damping in fault strength
(Wu, 2021; Nakata et al, 2011) are shown to generate slow slip
events. Erickson et al. (2017) models earthquake cycle in rate-
and-state fault with off-fault plasticity. They show partitioning of
deformation and resulting slip deficit with off-fault plasticity ac-
cumulation near the free surface of a vertical fault. However, the
resulting pattern of seismicity with off-fault plasticity is similar, in
their study, to the homogeneous elastic case having periodic seis-
mic events. Using numerical simulation with elastoplastic shear
zone, Tong and Lavier (2018) shows generation of slow and fast
slip events by varying the rate-and-state friction parameters. By
reducing the difference between the direct effect parameter and
state evolution parameter, they found slip pattern to change from
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fast slip events to slow slip. In the limit of vanishing difference
between the friction parameters, corresponding to the limit of ve-
locity neutral, creeping events are found.

In our previous work on seismic cycle simulations with off-fault
plasticity (Mia et al., 2022), we showed that bulk yield strength
and post-yield viscous relaxation contribute to the emergence of
spatio-temporal clustering of seismicity. Here, we investigate the
effect of off-fault bulk strength on fault slip expanding the pa-
rameter space for yield strength to also consider values close to
the reference frictional strength. This is a critical parameter regime
that have not been investigated before and may qualitatively alter
the partitioning of slip and energy dissipation between on-fault
and off-fault processes. To that end, we first simulate the long-
term frictional sliding of an elastoplastic spring slider model with
rate-and-state friction. Then, to further corroborate our findings,
we investigate sequences of seismic and aseismic slip on a 2D
anti-plane rate and state model embedded in a fully continuum
elastoplastic model. We evaluate the resulting slip patterns with a
special focus on slow slip.

2. Elastoplastic spring slider

We simulate the long-term sliding of a spring-block system un-
der constant load-point velocity applied at the end of the spring.
The details of the spring slider model are outlined in the Supple-
mentary Information (Figure-S1, Text-S2). The spring with stiffness
(k) and yield strength (o) idealize the bulk material with elasto-
plastic response. The frictional interface represents a fault surface
with uniform friction. The friction here is velocity weakening gov-
erned by rate-and-state friction law (Dieterich, 1979; Ruina, 1983)
and the state evolution follows the aging law (Dieterich, 1978; Ru-
ina, 1983; Ben-Zion and Rice, 1997; Ampuero and Rubin, 2008).
The friction law is outlined in the Supplementary Information
(Text-S1). To investigate the effect of bulk strength on frictional
sliding, we vary the yield strength (o) and the stiffness (k) of the
spring. Critical stiffness (Rice and Ruina, 1983; Ranjith and Rice,
1999) is related to the frictional properties and normal stress (oy),
and is defined by, ki = 0,(b—a)/L. Where, a, and b are non-
negative dimensionless parameters associated with rate-and-state
friction law. At steady state, (b —a) defines the velocity dependence
of friction coefficient with (b — a)>0 indicates that steady-state
friction decreases with the increase in the sliding velocity, i.e.,
velocity-weakening response. L is the characteristic slip distance.
Critical stiffness marks the transition between stable and unstable
frictional sliding in a purely elastic setting.

From stability analysis (Ranjith and Rice, 1999; Rice et al,
2001), it is known that stiffness greater than the critical value
corresponds to stable sliding which tends to attain steady state
in sync with the imposed load point velocity. For elastic spring,
stiffness lower than the critical value generates unstable sliding.
The elastoplastic spring bock slider shows different sliding pat-
terns ranging from stick-slip to complete locking depending on the
yield strength and the elastic stiffness of the spring (Fig. 1). The
slip rate vs. time plots for selected values of yield strength and
spring stiffness are presented in Fig. 2. We classify the slip patterns
based on the amplitude of the block’s peak slip rate (Goswami
and Barbot, 2018; Tong and Lavier, 2018; Miyake and Noda, 2019).
Slow slip is identified with slip rate lower than a seismic thresh-
old (taken here to be 0.01 m/s) but higher than the background
plate rate (10~ m/s). Stick slip corresponds to slip rate exceed-
ing the seismic threshold. We observe that slow slip emerges for
a narrow range of yield strength and stiffness values (Fig. 1). The
block also creeps stably at the imposed loading rate for stiffness
values larger than the critical value predicted by the elastic analy-
sis. However, as shown in Fig. 1, another new transition boundary
emerges with plasticity, in the limit of lower stiffness, that is not
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Fig. 1. Sliding patterns for an elastoplastic spring block system depending on yield
strength (o) and stiffness (k) of the spring. Reference strength of the frictional
interface is o, f, =30 MPa. Sliding patterns change from stick-slip to slow-slip as
spring stiffness becomes close to a critical stiffness defined for the elastic system
from the frictional parameters as k. = oy (b — a)/L. For stiffness higher than critical
value, the sliding is stable. A region of slow-slip exists between stick-slip and stable-
creep for a narrow range of stiffness and yield strength values. There is another
transition towards lower stiffness, which depends on the magnitude of the yield
strength, where the slider remains locked. This new stability boundary does not
exist for purely elastic spring block systems.

observed in purely elastic analysis. This transition from stick-slip
to locking (i.e., sliding with slip rates that are orders of magni-
tudes slower than the imposed plate loading rate) depends on the
yield strength. As yield strength decreases, this transition stiffness
increases. For sufficiently low yield strength, as it becomes close
to the reference frictional strength (oy, f,), the slip rate asymptot-
ically decreases to ~ 101> m/s, orders of magnitude lower than
the imposed plate rate. We refer to the sliding with this negligible
slip rate as locked.

3. Continuum simulation of a 2D anti-plane rate-and-state fault

We model a 2D anti-plane rate-and-state fault embedded in a
full-space elastoplastic medium subjected to slow tectonic plate
rate. The fault has a central velocity-weakening (VW) region sur-
rounded by velocity-strengthening (VS) patches from both sides
(Supplementary Figure-S2). The length of the VW patch is around 5
times the nucleation length. We model off-fault material response
with ]2 plasticity which coincides with Drucker-Prager plasticity
for the anti-plane setting with no variations in normal stress. We
further assume no plastic hardening. In this study, we consider
the elastoplastic response as a proxy for isotropic microscale dam-
age. While damage processes may also produce time-dependent
changes in the elastic moduli through degradation and healing,
as well as anisotropic material response, we ignore these changes
in this study. We elaborate on this approximation in the discus-
sion section. A hybrid scheme combining finite element and spec-
tral boundary integral is employed for spatial discretization (Ab-
delmeguid et al., 2019; Mia et al., 2022; Abdelmeguid and Elbanna,
2022b). We use an adaptive time-stepping algorithm (Lapusta et
al., 2000) to efficiently resolve slow and fast slip. The model geom-
etry with the hybrid scheme setup as well as the input parameters
for the simulations are outlined in the Supplementary Information
(Text-S3, Table-S1, Figure-S2).

We simulate sequences of earthquakes and aseismic slip (SEAS)
with different values of yield strength to investigate the effect of
bulk strength on long-term fast and slow slip. Resulting patterns,
given as space-time contours of the fault slip rate, with different
values of yield strength are shown in Fig. 3. The temporal evolution
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of the peak slip rate in different cases is shown in Fig. 4. The sim-
ulations show sliding patterns analogous to the elastoplastic spring
slider model. For lower yield strength the fault remains locked
without generating any seismic event. When the yield strength
is increased, the fault generates unstable frictional sliding includ-
ing slow slip, spatially localized seismic events, and partial rup-
tures distributed over the fault length intermixed with transient
episodes of slow slip. For higher values of yield strength, or in the
limit of purely elastic bulk, the fault fails in predominantly large,
fault-spanning, fast earthquakes. Below we briefly describe these
different slip regimes.

Locked fault: When the yield strength (31 MPa) is close to
the fault reference frictional strength (o f, = 30 MPa), the slip
rate of the central VW patch decreases to ~ 10~'> m/s (Fig. 3a).
The instantaneous and steady-state frictional strength for such low
slip rate is higher than the reference frictional strength. Relative
to the plate loading rate, this slip rate is orders of magnitude
smaller which indicates that the seismogenic zone (VW patch) of
the fault remains effectively locked or stuck. The VS patch of the
fault creeps following the plate loading. Aseismic creep from the
VS patch penetrates slightly into the VW patch but the peak slip
rate remains close to the imposed plate rate (1072 m/s) in a very
limited region adjacent to the VS patch as shown in Fig. 3a and
Fig. 4a.

Slow slip: When the yield strength is increased to 32 MPa, slow
slip emerges (Fig. 3b, 3g, 3j). Signature of creep penetration exists
near the transition between the VS and VW patches. The duration
of the slow slip events for yield strength 32 MPa is in the scale
of weeks to month. Spatially, these events are localized near the
transition region from VS to VW. Similar spatially localized slow
slip events are also observed in between localized partial ruptures
for yield strength 32.5 MPa (Fig. 3c, 3h, 3k). However, the peak
slip rate associated with some of these aseismic transients reaches
orders of magnitude higher than the background plate rate. The ir-
regular pattern with yield strength 33.5 MPa also includes slow
slip events (Fig. 3d, 3i, 31). The peak slip rates associated with
these slow slip events are even higher, but they are still below
the seismic threshold. These slow slip events, observed with yield
strength 33.5 MPa, are no longer localized in the transition region.
Rather they show spatial migration over the full length of the seis-
mogenic (Velocity-Weakening) patch of the fault.

Localized seismic events: A repeating pattern of localized seis-
mic events is observed for yield strength 32.5 MPa as shown
in Fig. 3c. These seismic events are inter-mixed with slow slip
episodes as described above. The seismic events are spatially lo-
calized near the boundary between VS and VW. They rupture ap-
proximately the same area, but they do not repeat with the exact
return period (Fig. 4c). Their average stress drop is around 2.3 MPa
with standard deviation of 0.5 MPa approximately which is con-
sistent with stress drop measured for earthquake repeaters (Chen
and Lapusta, 2009). The slow slip events observed in this case oc-
cur mostly before the seismic events.

Stick-slip with partial ruptures: When yield strength is in-
creased to 33.5 MPa, fault sliding includes slow slip and partial
seismic ruptures (Fig. 3d). In the early stages of the sequence, par-
tial ruptures extend on both sides of fault, but a locked patch
remains in the center that gets progressively narrower with time.
Later in the cycle, the whole VW region is ruptured by subsequent
partial events. Here the partial ruptures are prevalent throughout
the VW patch unlike the localized repeating events shown in Fig.
3b. Also, the clustering of events observed with relatively higher
yield strength e.g., 36 MPa (Figure-3e) is not found for the case
with yield strength 33.5 MPa.

Stick-slip with fault-spanning ruptures: For relatively higher
yield strength (e.g., 36 MPa shown in Fig. 3e), seismic events, in-
cluding partial ruptures as well as ruptures spanning the full VW
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Fig. 2. History of slip rate demonstrating various sliding pattern for the spring slider model with different values of yield strength (o) and elastic stiffness (k). The elastic
case (shown in a-c.) corresponds to stability transition from stick-slip to stable-creep when stiffness exceeds a critical value (k > k). For stick-slip instability, slip rate
exceeds a seismic threshold (taken 0.01 m/s here), and for stable-creep, slip rate decays to applied plate rate (10~° m/s). For the elastoplastic spring (shown in d-i), another
stability transition appears depending on the magnitude of yield strength where the slider remains locked (shown in d, g, i) as the slip rate is several orders of magnitude
lower than the plate rate. Slip rate lower than the seismic threshold but greater than plate rate corresponds to slow slip as shown in f.

patch, dominate the slip pattern. Evolution of the spatial extent
of rupture, discussed above for lower yield strength, showing cen-
tral locked patches progressively unclamped with time does not
exist with relatively higher yield strength. The resulting sequence,
including partial and fault-spanning rupture, is aperiodic with clus-
tering of seismic events in space and time. Simulation with elastic
bulk (Fig. 3f) results in simple periodic cycle with fault-spanning
ruptures only. Cycle simulations for a range of high values of
yield strength and post-yield viscosity are discussed in our pre-
vious study (Mia et al.,, 2022) where seismicity pattern changes
from complex spatio-temporal clustering to simple periodic pat-
tern with increasing yield strength and post-yield viscosity. While
here we adopted a quasi-dynamic approximation of inertia effect
through a radiation damping term, the results are qualitatively
similar even if we consider full inertia effects (Supplementary In-
formation, Figure-S3).

Partitioning of deformation

Plasticity results in a slip deficit on the fault surface through
partitioning of total deformation into on-fault slip and off-fault
plastic deformation. In Fig. 5, the spatial distribution of the cu-
mulative slip and off-fault plastic deformation is shown for yield
strength 33.5 MPa. Here we calculate an effective measure for
the variation of the plastic deformation in the fault zone along
the fault length by integrating the equivalent plastic strain, y,

as up(x,t) = ZfOLy y (x,y,t)dy, where, Ly is the half width of the
computational strip modeled using FEM, and y represents the spa-
tial direction normal to the fault plane. The factor of 2 accounts for
the symmetry of the plastic strain distribution about the fault sur-
face. This is characteristics of anti-plane plasticity in homogeneous

media where the normal stress does not change with deformation.
For the current model geometry, Ly, = 30 m which is around 1.5
times the process zone size. This width is found sufficient to con-
tain the spatial extent of plasticity in the fault normal direction.
Outside this computational strip, the exterior half-spaces are elas-
tic and are modeled using the spectral boundary integral approach.
Therefore, they do not experience plastic deformation. Total plastic
deformation along the fault, up(x,t) is shown in Fig. 5b. Cumula-
tive slip is plotted in Fig. 5a. The contour lines for both quantities
are plotted every 10 years up to 50 years.

As shown in Fig. 5a, cumulative slip in the VS patch is around
1.5 m in 50 years. Slip accumulation is reduced near the transi-
tion from VS to VW and is further reduced in the interior of the
locked VW region. The central region of the VW patch is locked
in early stages. As time passes, seismic events progressively unlock
the VW fault through a sequence of partial ruptures as shown in
Fig. 3d. The non-smooth shape of the cumulative slip lines corre-
sponds to the irregular pattern of slow slip and partial ruptures
spreading over the whole VW region. From the plastic deforma-
tion plot (Fig. 5b), it is evident that plastic deformation in the bulk
compensates for the slip deficit in the VW patch. Plastic deforma-
tion is maximum in the central part of the VW patch where the
fault slip is minimum and gradually vanishes towards the VS re-
gion.

Off-fault plastic deformation gets an increasing share of the
total deformation budget when the bulk yield strength is lower.
To evaluate the partitioning of deformation and associated slip
pattern for different values of yield strength, we compute the on-
fault deformation by integrating fault slip termed as Potency (t) =
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Fig. 3. Spectrum of slip for a rate-and-state fault. Spatio-temporal evolution of slip rate illustrating different slip pattern for different yield strength (a-e). Elastic case results
in periodic seismic cycle as shown in f. Region between two vertical dashed lines correspond to velocity weakening friction. Fault reference strength is oy, f, = 30 MPa. Fault
remains locked for yield strength, oy =31 MPa. Locked fault with occasional slow slip is found for o, =32 MPa. Localized earthquakes near the transition between VS and
VW are shown in ¢. Complex pattern including slow slip and seismic events with partial rupture is shown in d. Clustering of seismicity is found when yield strength is
increased (e). Closer examination of example of slow slip events that exist with oy =32, 32.5 and 33.5 MPa are shown in g-L

fOLf d(x, t)dx, and off-fault plastic deformation by integrating the
equivalent plastic strain over the domain as PD (t) = fs y (x,y,t)dS.
Where d is the slip, Ly is the seismogenic region of the fault in-
cluding VW patch and the transition region between VW and VS,
and S is the area of the 2D elastoplastic fault zone. For all the
cases shown in Figure-5c, there is an initial increase of plastic
deformation while the potency is small. This indicates plasticity
accumulation when the fault is locked prior to any seismic events.
When fault slip occurs, both potency and plastic deformation in-
creases but the increment of plastic deformation is relatively lower.
For the cases shown in Fig. 5¢, the ratio between plastic deforma-
tion and potency varies over an order of magnitude ranging from
~0.1 for 0y =36 MPa to ~3.5 for oy =32 MPa.

For the same amount of potency, plastic deformation is higher
with lower yield strength. The pattern of slip with clustered seis-
mic events (o, =36 MPa, shown in Figs. 3, 5) is associated with
relatively lower plastic deformation to potency ratio (~ 0.1). How-
ever, fault slip involving slow slip and partial ruptures spreading
over the fault (oy =33.5 MPa, shown in Figs. 3, 5) correspond
to higher ratios of plastic deformation to potency (~ 0.5). Local-

ized seismic event and slow slip in otherwise locked fault (oy =
32.5 MPa, oy =32 MPa shown in Figs. 3, 5) corresponds to rel-
atively higher plastic deformation to potency ratio (>1). In these
limits of low yield strength, more deformation is distributed in the
bulk than localized as slip on the fault surface.

Figure-5d shows the ratio of plastic dissipation relative to to-
tal dissipation. Total dissipation is the sum of plastic dissipation
(PW) and frictional dissipation (FW). Here, frictional dissipation is
computed over the region of the fault used to compute the po-
tency. This region includes the VW patch as well as the transition
regions between the VW and VS patches. That is, we do not ac-
count for frictional dissipation due to slip in the VS region which
conforms to the plate loading. Contribution of plastic dissipation
is higher with lower yield strength. On one hand, for the case
of oy, =32 MPa, generating slow slip events, plastic dissipation is
around 80% of the total dissipation. On the other hand, clustered
seismic events with o, =36 MPa is associated with much lower
plastic dissipation (~ 10% of total dissipation). The decrease in
the ratio of plastic to total dissipation is a result of less off-fault
plastic deformation and corresponds to higher frictional dissipa-
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Fig. 4. History of peak slip rate for 2D continuum simulations with different yield strengths (a-e). The elastic reference case is generating periodic pattern is shown in f. Peak
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tion through fault slip in large and fast seismic events. Higher
off-fault deformation and smaller on-fault slip leads to increased
off-fault dissipation. Mia et al. (2022), showed that even if the con-
tribution of plasticity to the energy budget is small, it may still
play a significant role in regulating the spatio-temporal clustering
of seismic events through limiting the stress concentration ahead
of the rupture tip and facilitating rupture arrest. Here, we addi-
tionally show that if the energy dissipation is dominated by off-
fault plastic dissipation, which happens for lower yield strength,
fault-spanning events cannot occur, and slip becomes progressively
slower. Specifically, we observe that irregular partial ruptures, slow
slip, repeaters, and even complete locking of the VW patch emerge
in the limit of low yield strength and increased off-fault plastic
dissipation irrespective of fault length. This further suggests that
plastic dissipation should be low (less than 10%) compared to total
dissipation, for large fault spanning events to occur.

4. Discussion

In this work, we showed, using a simple elastoplastic spring
block model, that spring stiffness, even when lower than the criti-
cal value for instability predicted by elastic analysis, may not facil-
itate stick-slip instability if the yield strength is low enough. Since
stiffness is inversely proportional to length, this finding suggests
that not all perturbations with wavelength greater than the nucle-
ation length are unstable. Rather the maximum wavelength that
is unstable may vary depending on yield strength. This implies,
for some parameter regime in the presence of off-fault plastic-
ity, that only partial ruptures may exist and that these ruptures
cannot grow to become fault spanning events. Similar patterns
are observed in continuum 2D anti-plane simulations with dif-
ferent values of yield strength. The rich slip patterns observed in
the continuum model include locked fault, slow slip events, local-
ized sequence of seismic event and irregular patterns with partial
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associated with lower yield strength generating slow slip.

ruptures spreading over the fault. Neither frictional heterogeneity
nor pore pressure perturbation is introduced here. Only the bulk
strength is acting as the controlling factor in modulating the slip
pattern.

In a characteristic seismic cycle, VS patch accumulates slip dur-
ing the interseismic period and VW patch catches up with seismic
slip accumulation. However, when the bulk strength is relatively
low, seismic events are rare or spatially limited with partial rup-
tures. This results in slip deficit prevailing throughout the seismic
cycle. We found that off-fault plastic deformation compensates for
the slip deficit in this case. For sufficiently low bulk strength, fault
may remain locked without generating seismic events while off-
fault bulk accommodates the deformation through plastic defor-
mation. This is also analogous to the spring slider results where
plastic deformation in the spring resists and even, in some cases,
prevents the sliding of the block. Relative amount of off-fault plas-
tic deformation and on-fault slip is associated with the spectrum
of slip from clustered fast slip to a mixture of fast and slow slip as
the yield strength decreases. Inelastic dissipation must remain low
for fast fault large events to exist.

We note that large amount of shallow off-fault deformation,
exceeding 80% of the total surface deformation (i.e., 4 times the
on-fault slip) has been reported around some faults recently by Li

et al. (2022). They hypothesized that the large amount of off-fault
deformation may include some elastic deformation. The determi-
nation of the extent of inelastic off-fault deformation would be
possible if additional data from seismic reflection was available.
The plastic strain in our simulation is limited to a narrow re-
gion close to the fault (Supplementary Figure-S4). If this holds true
for off-fault plasticity accumulation in natural fault zones, partic-
ularly at depth, it may be difficult to distinguish between on-fault
and off-fault deformation from field observations specially from
satellite measurements as there are limitations on high resolution
measurements of off-fault deformation (Antoine et al., 2021). This
partitioning of deformation is, however, important to quantify as
accumulation of off-fault plasticity may have implications for fault
weakening. As plastic deformation involves dissipation over narrow
but finite region, it can influence the heat diffusion and constrain
the rise of temperature associated with slip localization into an ex-
tremely thin surface in an otherwise elastic medium (Rice, 2006).
This may contribute to understanding the scarcity of fault zone
melting in some field observations. However, since most of the
plastic dissipation is still in the form of heat, we do not think that
off-fault plasticity resolves the heat flow anomaly.

Slow slip events recorded in some field observations show a
wide range of durations in the scale of days to months, and large
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earthquakes have been found after the migration of slow slip
events and small earthquakes (Ito et al., 2013; Ruiz, 2014; Obara
and Kato, 2016). The coexistence of slow slip events and small
earthquakes in subduction zone has also been reported by Ito et
al.,, 2007. In our simulation, fault slip accompanied by a mixture of
seismic events with partial ruptures and slow slip events are ob-
served. Some of the slow slip events show spatial migration over
the seismogenic patch with duration reaching the scale of months.
We observe emergence of spectrum of slip by simulating differ-
ent cases with small difference in yield strength. In natural fault
zone, off-fault bulk property (for example, yield strength) may vary
spatially and evolve with time. Since yield strength depends on
effective normal stress, physical process like fluid pressure pertur-
bation may alter the yield strength independent of fault strength
alteration depending on the hydraulic properties in the fault core
relative to the fault zone. Healing of damaged fault zone may also
contribute to the evolution of yield strength. Consequently, a fault
may host different patterns of slip switching from fast seismic
rupture to slow aseismic slip when yield strength transiently de-
creases.

The localized seismic events observed in our continuum simu-
lations, at the boundary of the VW and VS regions, is analogous
to repeating microseismicity model presented in Sammis and Rice
(2001) but some differences exist. The similarity is that the loca-
tion of the seismic events is near the transition between creeping
asperity (VS patch) and seismogenic locked asperity (VW patch).
The slip deficit in their model is compensated by occasional full-
fault spanning events whereas the slip deficit in our simulations is
compensated by off-fault plastic deformation. Also, in our simula-
tions, there are slow slip events in between the seismic events.

Numerical modeling of fault damage zone (Nie and Barbot,
2022; Thakur and Huang, 2021; Abdelmeguid et al., 2019; Kaneko
et al., 2011) with a layer of reduced elastic modulus shows in-
creased slip rate, and a range of slip pattern depending on the
width and the contrast of elastic modulus. A more compliant layer
near the fault corresponds to generate more intense rupture. On
the other hand, plasticity as a dissipative mechanism influences
the rupture characteristics resulting in reduced slip rate and rup-
ture speed (Templeton and Rice, 2008; Viesca et al., 2008; Dunham
et al, 2011a, 2011b; Gabriel et al., 2013). Furthermore, in contrast
to elastic bulk, plasticity limits the stress concentration ahead of
the rupture tip. It acts as a barrier to rupture propagation and
may result in spatial segmentation and temporal clustering (Mia
et al,, 2022). In this study, we model elastoplastic deformation of
off-fault bulk keeping the elastic modulus constant throughout. To-
tal deformation is partitioned into fault slip and off-fault plastic
deformation. Depending on the bulk yield strength and frictional
strength, the contribution of plasticity may compensate for a larger
amount of the total deformation and reduce fault slip leading to
emergence of a variety of slip patterns from fast to slow. However,
fault zone inelasticity may include processes that go beyond plas-
tic dissipation such as co-seismic degradation of the elastic moduli
and their inter-seismic healing. The time-dependent modulation of
the fault zone elastic properties may further enrich the observed
slip complexity, enhance seismic radiation, and expand the condi-
tions for generation of slow slip. Incorporation of off-fault plasticity
coupled with damage rheology in SEAS is a focus of a future inves-
tigation.

In this model, we consider the frictional parameters like ref-
erence friction coefficient, direct effect, and state evolution coef-
ficient to remain stationary. However, frictional parameters may
evolve with coseismic deformation (Kaproth and Marone, 2013; Im
et al., 2020) which may get pronounced with off-fault damage or
plasticity accumulation. Investigating the interplay between evolv-
ing fault friction as well as degradation and subsequent healing
of fault zone material warrants future study. Fault zone geometric
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complexity including nonplanar faults, and interaction of multiple
faults in presence of off-fault material non-linearity, is planned as
future study. Furthermore, evolution of pore pressure associated
with volumetric deformation of the fault zone needs to be con-
sidered for its vast implications on the evolution of strength and
deformation in fluid-saturated fault zones.
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