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1 Project Overview

1.1 Abstract

This project is a continuation of a previous project (ID: 17182) funded by SCEC. The main objec-
tive is to couple dynamic rupture simulations with long-term tectonic modeling (LTM) to examine
how heterogeneous stresses resulting from dynamic earthquake slip on rough faults influence the
pattern of post- and inter-seismic strain accumulation. Unlike the previous project that considered
only a plain strain model setup with a strike-slip fault at a fixed depth, this project also consid-
ers anti-plain depth-dependent models for investigating the strain accumulation patterns around a
rough fault. The off-fault materials are governed by continuum plasticity in both the rupture and
LTM models, while on-fault failure in the rupture model follows linear slip weakening. We exam-
ine the complex stress and damage pattern resulting from slip on a fractal fault, which creates a
heterogeneous starting point from which we initiate periods of tectonic loading. Our plain strain
model shows that the heterogeneous stresses due to fault roughness lead to localized inter-seismic
plastic deformation, though our models show this strain accumulates in a steady manner due to the
lack of time-dependent behavior in the continuum plasticity models. Our anti-plain model results
suggest that the post-seismic phase in the near-fault region is affected by the heterogeneous stresses
due to rupture on a complex fault. The behavior of surface displacement is different for a synthetic
GPS station placed in the nearfault region than one placed at far fault region. The displacement
rates in near-fault region are also higher within the post-seismic period.

1.2 SCEC Annual Science Highlights

1. Stress and Deformation Over Time

2. Computational Science

3. Fault and Rupture Mechanics
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1.3 Exemplary Figure

Caption: Modeling setup used to examine stress changes and postseismic deformation on rough
earthquake faults. (a) and (f) show the computationl domain for along-strike and along-depth
dynamic rupture models, respectively. (b) and (g) are the computational setups for along-strike
and along-depth long-term tectonic models. The rough fault with heterogeneous stress and slip is
subjected to further tectonic loading to examine how continued stressing on a heterogeneous fault
influences further deformation. (c) Examples of rough fault profiles. (d) Plastic strain field from
the dynamic rupture simulation showing that damage occurs primarily on the extensional side of
the fault. (e) Plastic strain distribution during an inter-seismic period indicating that coseismically-
damaged areas are more susceptible to further deformation and likely to be nucleation locations of
future earthquakes. (h) Surface displacement rate throughout the inter-seismic period at synthetic
stations present at different distances from the fault for the geotherm of 20 K/km. (i) Same with
(h) but for 25 K/km. The heterogeneous initial conditions affect the surface displacement rates at
stations with 20 km from the fault for the first 5 years.
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1.4 SCEC Science Priorities

3d, 2a, and 2d

1.5 Intellectual Merit

The objective of this study is to understand the dynamics of a complete earthquake cycle with
complex but realistic initial conditions to get an improved understanding of the earthquake cycle
over a broad range of time and length scales. This objective aligns with the principal goal of the
SCEC i.e. to examine deformations using observational and computational techniques. This work
introduces a new method for examining how fully dynamic fault slip on rough faults influences
long-term deformation patterns on strike-slip faults as well as its post-seismic and inter-seismic
phase. We couple the results of a spontaneous rupture model with a quasi-static long-term tectonic
model, incorporating off-fault plasticity, strain and state dependence in order to examine how dam-
age and stress heterogeneities influence the deformation patterns throughout the seismic cycle. Our
research provides new tools for examining how realistic earthquake deformations observed with
GPS and InSAR can be compared with numerical models.

1.6 Broader Impacts

All the phases of an earthquake are important to investigate in order to get a better understanding
of the physics of earthquakes and aftershocks nucleation. This investigation is also necessary for
the mitigation of earthquake risk. Our work provides new computational methods that examine
how loading and deformation processes affect faults over a wide range of length and time scales.
Quantifying such processes on realistic fault geometries is essential for generating more accurate
forecasts of future events.

1.7 Publications

Publications benefitting from this award include:
Aslam, K. S., Daub, E. G., (2019). Effect of fault roughness on aftershock distribution: Plastic
off-fault material properties, Journal of Geophysical Research, 124(7), 6989-7012
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2 Technical Report

2.1 Introduction

Long term tectonic model (LTM) modeling generally follows two types of motivations. The first
motivation is based on geological observational studies. In this type of model, geological obser-
vational studies such as regional mapping studies observe complex geological features in a certain
tectonic setting and then LTM models attempt to replicate those geological observations using a
numerical approach. This type of LTM study is done to investigate the physical processes that
occur within the geological system that lead to the development of such features. The second
motivation focuses on understanding the dynamics of a certain geological system under a certain
set of initial conditions rather trying to replicate a specific observation. The purpose of this type
of LTM approach is to get an improved understanding of the behavior of the geological system
under complex but more realistic initial conditions. Our study is based on the second type of LTM
approach. We investigate the evolution of the damage pattern in the near-fault region in response to
the stresses imposed as a result of earthquake rupture on a complex fault. We do this by coupling
the LTM model with a short term dynamic earthquake rupture model.

The steps of our coupled model are as follows: we perform a suite of dynamic rupture simula-
tions on rough strike-slip faults that account for off-fault plastic deformation. We save the stress
and plastic strain fields at the end of these simulations. We use the stress and plastic strain fields to
initialize a new simulation using the LTM code that subjects the fault to further tectonic loading.
The initial conditions reflect the heterogeneous deformation and stresses due to the earthquake.
Off-fault deformation in the LTM is based on continuum plasticity, so that additional plastic defor-
mation can occur due to the stressing imparted by tectonic loading. Our workflow allows this step
to be done automatically, and thus we have the ability to examine a large suite of simulations.

Our model coupling is performed for plain strain model setup with strike slip fault at a fix depth,
and also for a depth dependent strike slip rough fault using anti-plain model setup. Our plain strain
model setup and results are shown in Fig. 1. Our simulations indicate that the heterogeneous
conditions from the earthquake influences the spatial locations where further deformation occurs.
The stresses concentrate near the fault bends due to rough fault profile. These concentration of
stresses form highly localized zones of plastic deformation [Aslam and Daub, 2019]. During the
inter-seismic phase, these localized zones of plastic deformation favor the development of shear-
zones and their growth causing development of a complex fault zone. We ran a few additional
coupled simulation on a rough fault in order to compare the rough fault behavior with a flat fault.
Our comparison of coupled simulations performed on a rough fault and a flat fault suggests that,
in the co-seismic phase of a flat fault, we do not observe any complex shear patterns which can
cause the development of localized zones of high strain accumulation (Fig. 1). Hence no further
shear-zone formation is observed for the flat fault in the inter-seismic phase. This further suggests
that the near-fault damage zones of mature fault should be significantly complex as compared to
the damage zones of the immature faults. This is because those faults have hosted many events.
In each successive event, the co-seismic slip results in development of new damage, which grows
the damage zone as well as smooths out the geometry of damage zone. It has been observed in
many fault zone studies that the damage zones of mature faults has a higher damage complexity
with many localized shear zones, a variety of fracture types, and a number of fault orientations.
Furthermore, the locations of the localized shear bands formed during the co-seismic phase are
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important, since these are the locations where the next earthquake is likely to nucleate due to the
stress conditions (largest shear to normal stress values) combined with the plastic deformation
leading to reduced cohesion.

Figure 1: (a) Model setup for the plain-strain dynamic rupture simulations. A pre-existing strike
slip fault with inherent roughness is shown in red. The fault is 120 km long with two frictional
barriers of 15 km width at each side to arrest the rupture before it reaches the domain boundaries.
The rupture always starts at one side of the fault so that in each case we get a unilateral rupture
with plastic deformation predominantly on one side of the fault. The dominant extensional side is
marked in the figure with the minus sign (-) while the compressional side is marked with a plus
sign (+). The fault roughness is characterized by a Hurst exponent H = 1 and a root mean square
roughness height of 0.01. (b) Model domain and boundary conditions for the LTM model. The
model is of the same size with the ruptrue model and driven by shear velocity boundary condition (a
half plate velocity of 5 cm/yr) while the initial conditions of stress and strain are provided from the
dynamic rupture model. (c) Accumulated plastic strain (second invariant of plastic strain tensor)
at 200 years after the earthquake in a region covering 25 to 75 km along fault distance and 15 to
45 km across the fault. (d) Same with (c) but for a flat fault.

2.2 Depth dependent coupling

To investigate the post-seismic and inter-seismic behavior of near-fault and far-fault region of a
rough fault, we setup a depth-dependent model (anti-plain model) both for dynamic rupture sim-

5



ulations and LTM simulation. We follow similar procedure as of plain strain model to run our
simulations. We perform dynamic rupture simulations on rough strike-slip fault that account for
off-fault plastic deformation, save the stress and plastic strain fields at the end of these simula-
tions, and use the stress and plastic strain fields to initialize a new simulation using the LTM code
that subjects the fault to further tectonic loading. The depth dependent model of dynamic rupture
model and LTM are shown in Fig. 2. In the dynamic rupture model, a strike slip fault with inherent
roughness is placed at the center of the 100 × 50 km domain (Fig. 2a). We use RMS height of
0.01 and H value of 1.0 for the fault roughness profile used. The fault is a self-affine fractal with
RMS roughnes of 0.01. The rupture starts around 10 km depth with a nucleation patch size of 5
km (green box in Fig. 2a). We assume homogeneous pre-stress conditions in the off-fault medium.
This assumption is based on the constraint that the pore pressure increases at the lithostatic rate
rather the hydrostatic one. The top 20-km layer is elastic-plastic while the rest is elastic.
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Figure 2: Setup for depth-dependent simulations. (a) Domain geometry and configuration for the
dynamic rupture simulation. The simulations are posed as a mode 3 problem in 2D. The domain
is 100 km in width and 50 km in depth. The top 20 km-thick layer is elastic-plastic while the
rest of the domain is elastic. A rough strike slip fault (blue line) at the center of the domain. (b)
Same with (a) but for long-term tectonic models (LTMs). The model is then run for 200 years, a
typical duration of a complete seismic cycle. The temperature increases at constant rate with depth
in LTMs. The viscosity for the lower crust and upper mantle is selected based on the material
quartz-diorite and wet olivine respectively.

After the dynamic waves move farther from the central region (i.e. −40 to 40 km ) in the
dynamic model, stresses and elastic and plastic strains are extracted and transferred to a quasi-
static long-term tectonic model described in Fig. 2b. Interseismic left-lateral strike-slip motions
are driven by boundary velocities of ±1 cm/yr. The model is then run to investigate the behavior of
model during the inter-seismic phase. Note that a rupture event does not occur in the LTM model.
We show our results only for the first 50 years of the LTM model, a duration that can be considered
as a part of a longer inter-seismic phase. The deformation of lower crust and upper mantle in the
LTM is modeled as dislocation creep. The effective viscosity within these zones follow power-law
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rheology, and is given by [Kirby and Kronenberg, 1987]:

ηeff = ε̇
1−n
n A−1/n exp

(
− Ha

nRT

)
, (1)

where ε̇ is the effective strain rate, R is the gas constant, A is the pre-exponential factor, n is the
power law exponent, Ha is the activation energy and T is the temperature. The effective viscosity
for the lower crust is calculated by considering its material type quartz-diorite, while the effective
viscosity of upper mantle is calculated by considering its material type wet olivine. The values
of A, n and Ha for these material types are taken from Allison and Dunham [2018], Hirth and
Kohlstedt [2004], and are listed in Table 1. Linear geotherms are assumed in the LTM. We consider
two constant rates of temperature increase with depth: 20 and 25 K/km.

Table 1: List of parameter values used in power law
Material type A (MPa−ns−1) Ha (kJ mol−1) n
Quartz-Diorite (Lower crust) 1.3×10−3 219 2.4
Wet Olivine (Upper mantle) 3.6×105 480 3.5

We also consider the strain and state dependence of plastic deformation of the off-fault material
in our LTM model. We model the strain dependence using strain softning while state dependence
using a state evolution law. The strain softning is observed once the friction coefficient or cohesion
is decreased with the increase of permanent deformation, this strain dependence is used to produce
strain localization [Popov and Sobolev, 2008] in LTM models. Figure 3a shows the process of
strain softning: the cohesion is kept constant until a certain plastic deformation value (Pls0) is
reached. Once the plastic deformation exceeds this value, the cohesion value decreases linearly
with the accumulation of more plastic strain to a certain plastic strain value given by Pls1. A
similar model can be used to decrease the friction coefficient from its initial value φ0 to final φ1

value with the increase in plastic deformation. Our strain-weakening parameter values are provided
in Table 2. To model the state dependence, we define a damage state of the off-fault material at
each time step during the simulation. The damage value of this damage state is equivalent to the
plastic strain accumulated at that time step. The damage state then recovers (heals) with time
according to the law shown in Fig. 3b. This time evolution law (shown in Fig 3b) is a simplified
form of the damage model used by Finzi et al. [2009], which was adopted based on observational
[Ben-Zion et al., 2003, Peng et al., 2003] and laboratory studies [Tenthorey et al., 2003]. As can
be observed in Fig. 3b, the healing process is faster in the first 40 years of inter-seismic phase and
then the rate of healing slows down to half of its starting rate. No healing occurs after 100 years
during inter-seismic phase. The healing process decreases the value of damage parameter and then
based on the new value of damage parameter, the cohesion value is accordingly healed (Fig. 3c).

Table 2: List of strain-weakening parameters
Parameter Symbol used Value
Initial plastic strain Pls0 0.01
Final plastic strain Pls1 0.1
Initial cohesion C0 2.0 MPa
Final cohesion C1 0.2 MPa
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Figure 3: Strain- and state-dependent cohesion of elastic-plastic off-fault material in the LTM
model. (a) A typical piecewise-linear strain softening assumed in the LTM. At a certain value
of accumulated plastic strain (Pls0 ≥ 0), cohesion with an initial value of C0 starts to decrease
linearly to C1(< C0) but remains at C1 when plastic strain reaches the threshold value, Pls1. (b)
A typical piecewise-linear recovery of damage state in time. (c) Cohesion set to be a function of
damage state. With the recovery of the damage, cohesion value also increases towards the initial
value.

2.3 Post-seismic LTM behavior

We investigate the displacement, and displacement rate at different virtual GPS stations during
post-seismic and inter-seismic phases of the earthquake on a complex fault. The goal is to un-
derstand whether and how the near-fault and far-fault regions would behave differently during the
post-seismic phase when a complex fault ruptures. We consider post-seismic surface displacements
at two virtual stations at different distances. One station is 3 km away and the other is 20 km away
from the fault and the other at 20 km. It is important to note that no afterslip effects are included
in the post-seismic displacements; all the displacements are solely due to bulk viscous flow of the
subsurface material. When plotted over the period of a decade (Fig. 4), the post-seismic displace-
ments at the close station reveals non-steady rates of post-seismic deformation. We can divide the
rate of viscous flow into three parts. The starting part has a higher rate which slows down to a
slower rate around 3.5 years. This rate further slows down around 4.5 years to a new slower rate.
The decadal displcements at the distance station (Fig. 4) can be divided into two parts. The start-
ing part has a higher rate which slows down to a slower rate around 4 years. The distances farther
from the fault does not feel much influence of the heterogeneous stress/strain conditions due to
earthquake slip on rough fault which could be one reason that we observe difference between the
stations at 3 and 20 km from the fault. Furthermore, goetherm with 20 K/km shows a clear higher
displacements for the near-fault and far-fault station starting from 4.5 years after the earthquake.
This difference in time series of post-seismic displacement due to geotherm might be measurable
in the field.

The near-fault region shows significantly higher displacement rates compared to the far-fault
regions according to the plots of the surface velocities, normalized by the applied plate velocity,
versus distance from the fault (Fig. 5). The heterogeneous initial conditions affect the surface
velocity at distances closer to the fault (0-20 km) for the first 5 years. Far from the fault (i.e., 20-30
km), in constrast, the normalized surface velocities are in the range of 2 to 3 indicating weaker
effects of the heterogeneous stress and strain in the far field. After 10 years, the surface velocities
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change by only a fraction of the plate velocity. Comparison of Fig. 5a and b suggests that the
considered difference in the geotherms, 20 and 25 K/km, does not significantly affect post-seismic
deformations at different distances.

2.4 Future work

Due to computational efficiency, we run our model only in two dimensions (2D) instead of three
dimensions (3D). Wave propagation behavior in 3D can be different from 2D in terms of geometric

d)c)

a) b)

Figure 4: Post-seismic surface displacements at virtual stations at (Left) 3 km and (Right) 20 km
away from the fault plotted for the first 10 years. Red dots mark 4-month intervals.

a) b)

Figure 5: Post-seismic surface velocities at different distances from the fault after 5 (blue), 10
(green) and 50 (black) years since the earthquake for the geotherm of (a) 20 K/Km and (b) 25
K/Km. Red dots mark 2.5 km intervals.
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spreading and the time duration for which the disturbance is felt in off-fault medium. Similarly,
considering fault roughness in the third dimension will tend to increase ground motion irregulari-
ties in the off-fault medium which may effect the stress distribution in the medium. Furthermore,
we consider a relatively longer minimum fault roughness wavelength of 500 m in this study, while
natural faults are rough over much smaller length scales that are not resolved in our simulations.
Decreasing the wavelengths will add many more fault restraining and releasing bends which may
cause changes in rupture propagation and increase of localized strain accumulation locations which
may eventually alter the number of shear zones growing in the inter-seismic phase and changes in
post-seismic deformation in near-fault region. A model run with feedback provided from LTM can
be used to start dynamic model with more realistic initial conditions that account for all previous
deformation on that fault. In future work, we are planning to run these simulations in 3D to observe
more detailed behavior of the coupling between dynamic rupture simulations and LTM. We also
plan to run simulations with a reverse feedback in order to investigate the effect of inter-seismic
permanent plastic deformation on the next dynamic earthquake event.
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