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Abstract

Fault displacement in the near surface presents a serious potential hazard for structures and lifelines.
However, fault displacement models are sparse and poorly constrained due to limited observational data.
We are using physics-based simulation models that incorporate near-fault physical properties as an
alternative and supplemental approach for quantifying fault displacement in seismic hazard analyses.
Fault zones are complex structures exhibiting nonlinear behavior, and that is reflected in the observed
displacements in the near surface. While the commonly used Drucker-Prager (DP) plasticity model
accounting for the inelasticity is computationally efficient and useful to model first-order large-scale
inelastic deformations, it misses numerous realistic attributes of earth materials properties and behavior.
We implemented a new brittle off-fault damage model that accounts for 1) dynamic microfracture
generations and 2) dynamically evolving bulk moduli. We added these selected constitutive laws into the
generalized finite difference dynamic rupture simulation code (SORD). Preliminary simulation results for
a simplified 2D in-plane scenario demonstrates that the brittle damage model radiates high-frequency
(HF) near-fault ground motion and dynamically affects the shear wave velocity. The inelastic
concentration area of the new developed damage model is similar to that predicted by the DP model, but
the model provides the desired benefit of increased HF seismic radiation. Future work extending the
implementation for 3D problems will make the model amenable to calibration and validation against
observed data.

Introduction, Motivation, and Previous Work

Coseismic fault displacements in large earthquakes have caused significant damage to structures and
lifelines (e.g., severely destroyed bridges, dams and tunnels in the 1999 Chi-Chi earthquake, collapsed
buildings in the 1999 Kocaeli earthquake, damaged railroads in the 1975 Guatemala earthquake) on and
near fault traces. Fault displacements pose a risk to distributed infrastructures (SCEC5 Theme) such as
gas and water distribution systems, that due to their nature can not simply avoid all fault traces.

Compared to well-developed empirical ground-motion models (GMMs, a.k.a. GMPEs), empirical fault
displacement models are sparse and poorly constrained partly due to the paucity of detailed high-
resolution fault-displacement observations (e.g., Petersen et al., 2011; Wells and Coppersmith, 1994;
Youngs et al., 2003), even despite recent large database building efforts (e.g., Baize et al., 2020;
Sarmiento et al., 2019). Recent advancements in aerial imaging have allowed the observation of near-field
fault deformation at a higher resolution than previously possible (e.g., Milliner et al., 2015; Milliner et al.,
2016; Barnhart et al., 2020). These observations are still too sparse to completely support probabilistic
fault displacement hazard analysis (PFDHA) model development, but they provide observational
constraints against which simulation-based models can be validated. Physics-based simulations such as
rupture dynamic models represent an attractive tool to address this important problem. These numerical
simulations construct spontaneously evolving earthquake ruptures under mechanical conditions (e.g.,
fault geometry, friction law, stress condition and surrounding earth medium), resulting in physically
plausible mechanical fault behavior and, consequently, displacements. Once validated against well-
documented case histories, these dynamic rupture models can be used to predict displacements for
scenarios and events we have not yet experienced. Those synthetic displacement datasets can in turn be
used alone or combined with empirical observations to support PFDHA model development.

The fundamental physical attributes of a fault zone should be implemented to model realistic fault
displacement profiles. During repetitive earthquake cycles, fault zones are shaped into a complex system
consisting of a fine-grained narrow fault core surrounded by pervasively fractured rocks (Sibson, 1977;
Chester et al., 1993; Biegel and Sammis, 2004). High stresses associated with the coseismic breakdown
zone tend to be much larger than the ambient tectonic stress and even beyond what host rocks can
elastically sustain (Brace et al., 1966; Scholz, 1968). Within this area, rocks are greatly damaged with
multi-scale fractures (from fault branches and segments to localized microfractures) and show a
significant drop in velocity compared to outer host rocks (e.g., Fialko et al., 2002; Ben-Zion et al., 2003;



Cochran et al., 2009). These attributes of observed fault zones are believed to be related to inelastic
processes occuring during the earthquake rupture.
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Figure 1. (a) Simulated on-fault
displacement and comparison
with field mapping. (b)
Simulated total displacement
and comparison with aerial
mapping. A cumulative
displacement from the aerial
mapping (blue curve) is
superimposed. Normalized
probability density function of
observations and simulations in
(a) and (b) are plotted in (c)
and (d), respectively. The
legends in (c) and (d) are
consistent with those (a) and
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Various model-based studies have highlighted the significant role played by inelasticity in

earthquake dynamics, seismic radiation and fault displacement (Bhat et al., 2012; Lyakhovsky and Ben-
Zion, 2014; Roten et al., 2017; Wang and Day, 2020). One of the most frequently used models for
simulating earthquakes and seismic wave propagation is based on the Drucker-Prager (DP) plastic yield.
Roten et al. (2017) used the DP criterion to model the ground deformation and found that the presence of
off-fault displacements (in magnitude comparable to on-fault displacements) and shallow slip deficit
(smaller slip at shallow depth) systematically observed following the 1992 Landers (Milliner et al., 2015)
is likely to be a consequence of the off-fault inelasticity.

While the simplified DP is computationally efficient and useful to model a first-order large-scale
inelastic deformation, it misses numerous attributes of realistic earth materials such as small-scale
features and dynamically modified moduli. For example, we modeled the fault displacement from the
well-documented 1992 Landers earthquake using the DP model and we reproduced the large-scale fault-
displacement characteristics to a first-order degree. As shown in Figure 1, the simulated on-fault (Figure
la) and total displacements (Figure 1b) show a good agreement with observations in the global
distributions of the peak displacements. For a more quantitative comparison, the normalized probability
density functions (PDF) of the simulation well capture large-scale statistical features (i.e., shapes and
mean values) of on-fault (Figure 1¢) and total fault displacements (Figure 1d). However, the along-strike
variability of the observed fault displacements are much greater than those predicted by the simulation
based on the DP model. This is also reflected in the PDFs, where our simulation have very low
contributions in the small-scale fault displacements, implying that the simplified DP model can not
replicate the complex patterns in part controlled by structural complexities (Milliner et al., 2015) and
shallow fault discontinuities (Oglesby, 2020).

We therefore extend our modeling to include brittle damage as an improvement over the
aforementioned plasticity model. In this work, we implement a brittle off-fault damage model
(Bhat et al., 2012; Thomas and Bhat, 2018) accounting for dynamic off-fault microfracture
generation as a proxy for off-fault inelasticity into the pre-existing dynamic rupture platform
Support Operator Rupture Dynamics (SORD, Ely et al., 2009; Shi and Day, 2013; Wang and
Day, 2020). The brittle damage model implemented here is featured by the characteristics: 1)



dynamically generated microfractures boosting HF seismic radiation and 2) dynamically
evolving bulk properties shaping the fault zone.
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Implementation of the brittle damage model

Let us briefly introduce concepts of the implemented brittle damage model based on the work of Bhat et
al. (2012) and Thomas and Bhat (2018). Given that tensile cracks induced by grain-boundary sliding are a
major source of inelastic deformation (Bhat et al., 2012), the brittle damage model is based on the growth
and interaction of tensile “wing cracks” nucleated at the tips of an initial distribution of micro-cracks as
shown in Figure 2a. The pre-existing flaws in the medium are assumed as penny-shaped (i.e., disk-
shaped) cracks of radius a and the volume density of the crack is Nv. Thus, the density of the initial flaws
per unit volume is characterized by a scalar Dy defined as:

4z .
Dy = TNv(a cos ) (1)

where acosW is the projection of the crack radius parallel to the largest principal stress o;.

Under loading, there are three regimes dependent on the local stress (Figure 2b): Regime I when
stress is not high enough to allow sliding on the initial flaw, Regime II when the shear stress overcomes
the frictional resistance over the flawed surface and inelastic deformation is then activated by growing
tensile wing cracks, and Regime III when the state of stress turns tensile and both cracks and wing cracks
can open. Given our assumed globally compressive stress state during earthquakes, we ignore the Regime
III in our simulation. During the inelastic Regime 11, the wing cracks grow along the oy axis from zero to
the current scale of /. Thus, the current inelastic state similar to the previously defined scalar is defined as:

4n
D_

= TNV(a cos ¥ + 1)

2)

Here D approaching 1 corresponds to the coalescence stage that leads to macroscopic fracturing of the
solid. We can use the non-linear ordinary differential equation (see derivation in Bhat et al., 2012) to
solve the state scalar D at time ¢:

dD  3D**D"? dl
di " acosW dt 3)



dl

where 7r effectively corresponds to the instantaneous wing-crack tip speed. We numerically solve this
equation with a second-order Runge-Kutta scheme (consistent with the temporal accuracy of SORD):

AL /3D2DY 3D, + 2 i
Dn+1 — Dn +_< n 0 v, + acos¥ Vn)
2\ acos¥ acos¥ 4)

where the subscript n represents the time step.

To update the state scalar, we need the instantaneous crack speed at each time step, which is
obtained by Bhat et al., 2012 to balance the wing-crack stress intensity factor and its critical fracture
toughness of the material for both initiation and growth. The balance is defined by the equation:

(1=v/Cy) of T+,
o e )
1-v/C, 1 -clc, (5)
where Cr and C, are Rayleigh and P wave speed, v, is called the branching speed (a material attribute), K;
is the quasi-static stress intensity factor of an equivalent crack of the same length but growing at zero
speed (computed in the simulation), and K;c* is the quasi-static fracture toughness (material attribute that
can be measured through laboratory experiments). We use a hybrid method to increase the efficiency of
searching for the root: we first use the bisection for three iterations to find an optimal root guess that is
subsequently used for the Newton-Raphson method. Generally, in our simulation, this hybrid method
only takes a maximum of seven iterations to converge with a relative error of 1%. of Rayleigh wave speed.

Finally, once we know the state scalar D, at a certain time step and the current strain field, we
solve for the stress field using the damage constitutive law:

uwf(3-20) ., A1B16> ( 3v. B} A} A1B16> <AlBl) }
= +AZ - e+ +———+—€b; — | — }75;
% r{( T+e Ty )T\ T2 T T ey )T T ) (e)
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where I' is definedas =~ | 21+») = 4(1+v) 2 | A; and B; are functions of D (more details provided
in the supplement of Thomas and Bhat, 2018), € and y are related to the strain field, and v is the Poisson’s
ratio.

Preliminary simulation results

For simplicity, we start with a 2D in-plane scenario. We apply uniform background stresses with
the maximum compressive stress o; with an angle of 45° relative to the fault plane. Initial normal and
shear stresses on the fault were set to 60.7 and 19.9 MPa, respectively. A uniform half-space velocity
structure was also defined with (Vp=5600 m/s, V’s=3120 m/s, and p=2700kg/m’. Rupture propagation
along the fault plane is governed by a slip-weakening law in which the static friction coefficient is set 0.6,
the dynamic friction coefficient is set to 0.1, and the critical slip distance is set to 1 m. Using these
parameters, we follow Day et al. (2005) and estimate the static cohesive zone size to about 1054 m. For
the brittle damage model, we imposed uniformly distributed pre-existing cracks with a radius of 60 m, a
volume density of 1.68x107 m™~, and an orientation of 29.5° relative to oy, thus resulting in an initial state
scalar Dyof 0.1. Nucleation is obtained by imposing a shear traction perturbation with radius of 2 km.
Spatial discretization is constrained by two length scales: cohesive zone size (~1 km) and pre-existing
crack size (60 m). We follow Bhat et al. (2012) to select a discretization smaller than the crack size (20
m) and use a time step of 0.0016 s.
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Figure 3. Snapshot of dynamic
rupture simulations that include the
new brittle model implementation
showing various metrics along the
linear fault plane in a plan view,
with the hypocenter shown by the
yellow star. Top: magnitude of
velocity (m/s, in a logarithmic
scale), black curve is the slip rate
function at the selected time step.
Middle: reduction ratio of shear
wave speed (in per cent). Bottom:
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Figure 3 shows snapshots of velocity magnitude, reduction ratio of the shear wave speed and the
damage state scalar. As we described before, the brittle damage model enriches HF seismic radiation in a
near-fault regime (nearly < 1 km), as shown in Figure 3 (top). The slip rate function is under much
perturbation by the brittle damage model. The maximum reduction of shear wave speed is 36% compared
to the host rock, which is within the estimated range of the San Andreas Fault at Parkfield (30~40%, Li et
al., 2004). In addition,the brittle damage is all in the extensional quadrant in the scenario of the maximum
principal stress tilting with 45° to the fault, which is similar to the DP model (e.g., Templeton and Rice,
2008).

Summary and future work

In this study, we implement the brittle damage model in our generalized finite difference rupture
dynamics code, SORD. We designed a new SORD-adaptable updating scheme for the damage state scalar
D and a hybrid solution-searching scheme for the instantaneous crack tip speed v,,.. The preliminary
simulations demonstrate that the brittle damage model radiates HF near-fault ground motions. The ground
deformation mixed with the damage state scalar as a proxy of off-fault microfracture density deserves a
closer look in a future study. As shown in our plasticity-based Landers simulation, a realistic ground
deformation for a strike-slip requires a 3D scenario with a mixed rupture mode (in plane and anti plane)
because a pure in plane scenario cannot accommodate deformation caused by inelasticity-induced shallow
slip deficit. Therefore, in future work, we will extend our simulation to a full 3D scenario with the
addition of more realistic models such as depth-variable stresses and velocity structures. Future work will
also involve the validation of the enriched HF near-fault ground motions against observed near-fault
ground motions and results from GMMs.
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