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Overview and Motivation: Numerous seismic, geodetic and geologic observations show 
zones of rock damage around faults that evolve during longterm tectonic deformation and 
the occurrence of earthquakes. The existence of damage within the fault zone may impact 
properties of individual earthquake ruptures (e.g., Ben-Zion and Huang, 2002; Huang et 
al., 2014; Pelties et al., 2014, Xu et al., 2015), as well as behavior of earthquake cycles 
(Thakur et al., 2020). Damaged fault zones evolve both co-seismically and inter-seismically. 
It is thus important to include inelastic strain processes on- and off-fault in 
modeling of individual rupture dynamics and sequences of earthquakes. Accompanying the 
rise of numerical results, computational tools capable of modeling earthquake complexities 
allow integrating field observations with high end computational methods. Earthquake 
models are commonly forced to parametrize on-fault frictional failure and the off- fault 
response of rock separately, since explicitly modeling damaged fault zones is a significant 
challenge due to the vastly different spatiotemporal scales and additional dynamic coupling 
mechanisms generated by damage. The multiscale nature of the problem arises spatially due to 
geometrical fault irregularities and damage zones, and temporally with fast co- seismic damage 
generation, inter-seismic healing, nonuniform loading and heterogeneous prestress over 
different seismic time scales. 

Only a few prior studies combined earthquake rupture with explicit off-fault fractures in the 
form of co- seismic secondary tensile and shear fracturing (Yamashita, 2000; Dalguer et al., 
2003; Okubo et al., 2019; Gabriel et al., 2020). While these studies adopted different degrees 
of approximation and rigor, their results suggested that explicit representation of co-seismic 
secondary fracture generation may have profound implications on the earthquake energy 
balance and radiation patterns. However, the challenges associated with the multiscale 
modeling of off-fault inelastic processes have led the community to adopt mostly simplified 
representations that approximate some, but not all, aspects of these complex phenomena. Most 
modeling of inelastic off-fault processes focused on two major continuum approaches: (1) 
Pressure-sensitive plasticity models such as Mohr-Coulomb and Drucker-Prager models, and 
(2) Thermodynamically based continuum damage models with a scalar damage variable. 
These approaches have successfully reproduced several characteristics of ruptures and faults 
including, for example, a bounded slip rate that corresponds to observable levels of ground 
motion, and changes in near-fault bulk elastic wave speed consistent with tomographic 
measurements. However, these approaches cannot explain various other characteristics 
including fault branching, fault growth, discrete fault network evolution, aspects of radiation 
pattern and the frequency content of strong ground motion. 

 
As such, several fundamental questions related to the nature and implications of damage in 
fault zones continue to exist. We therefore proposed to critically evaluate the 
appropriateness of different off-fault inelasticity models and the extent to which they are 
consistent with observations. We plan to do this by running a series of controlled 2D dynamic 
rupture simulations, along with a few carefully selected 3D simulations, and compare different 
rupture and ground motion characteristics in the following three scenarios: (1) Dynamic 
rupture with off-fault Drucker-Prager plasticity model, (2) Dynamic rupture with off- fault 
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continuum damage model, and (3) Dynamic rupture with generation of discrete secondary 
cracks. If successful, this research will: (1) identify the limitations and capabilities of the 
different models for off- fault inelastic deformation in the upper crust, (2) evaluate the unique 
signatures of different inelastic deformation rheologies (plasticity, distributed damage, 
localized fractures) in near and far-field   observations, and (3) design benchmark 
problems for verification of dynamic rupture simulations with off- fault continuum and 
discrete damage.  

Main Results: 
1- Phase field modeling of fault nucleation and quasi-dynamic growth: We have recently co-

developed a new phase field formulation for frictional cracks which is consistent with rate and 
state friction in the limit of vanishing phase field length scale. We have verified the 
implementation by comparing the evolution of slip rate and shear stress during quasi-dynamic 
rupture propagation against the solution obtained using our already verified FEBE platform. 
Figure 1a shows some examples of fault nucleation and further propagation in an otherwise 
intact domain. Specifically, our preliminary results (Fig. 1b) indicate evolution of multiple 
fault cores that emulate the complexity observed in natural fault zone structures. 

 

Figure 1: Preliminary results from simulations obtained for the newly developed rate-and-state 
friction consistent phase field formulation. (a) Propagation of a horizontal fault in an anti-plane 
setting in an otherwise intact domain. The fault grew from a small pre-existing patch and the co-
evolution of a central extremely localized fault surface (dark red) and a less damaged off-fault 
region (lighter color) is observed. (b) Quasi-dynamic fault growth in a heterogeneous fault zone 
with variable fracture energy showing evolution of multiple fault cores analogous to the complex 
fault zone structures observed in some strike slip fault structures. (Fei et al. in preparation) 

 
2- Implementation and verification of a continuum damage model: Graduate student Chunhui 

Zhao (UIUC) has been working on implementing the damage-breakage model (Lyakhovsky 
and Ben-Zion, 2014) in our in-house FEBE code. He successfully implemented a patch test in 
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which a single element in 3D is loaded under a variety of tri-axial stress states and compared 
the results to the published ones. He further conducted load cycle tests and investigated the 
strain recovery, viscoelastic energy dissipation, and creep failure once loading pushes the 
damage variable beyond a critical threshold that is only a fraction of the critical value that 
corresponds to the loss of ellipticity.  

 
3- Rate and State Friction as a Spatially Regularized Transient Viscous Flow Law: 

 
PostDoc Casper Pranger working with Alice Gabriel has been reformulating the empirical rate 
and state friction law as a bulk viscous flow law in terms of anelastic shear strain rate. In Pranger 
et al., JGR, 2022 we show how mesh independence is achieved by including a gradient-like 
non-local anelastic shear strain rate equivalent and we show analytically and numerically that 
the proposed continuum model closely reproduces existing results of rate and state friction. 
This work will be part of future comparison in this collaboration. 

 

 

Figure 2: Verification of the in-house implementation of the continuum damage-breakage 
model using a single element that is loaded using a strain-controlled protocol in the vertical 
direction starting from an initial hydrostatic pressure state. (A) Stress strain response showing 
post-peak softening, (B) Variation of strain invariant ratio as a function of time, and (C) 
Variation of the damage variable as a function of time. There is good agreement between the 
in-house implementation (Green) and Lyakhovsky & Ben-Zion (2014) (Blue). 

 
4- A diffuse interface method for earthquake rupture dynamics based on a phase-field 

approach: PhD student Jorge Nicolas Hayek working with Alice Gabriel has been developing 
a diffuse interface description of fault slip in a spectral element method imple- 
mentation to better understand complex volumetric failure patterns and the mechanics of slipin 
diffuse fault zones for dynamic rupture modelling. A signed distance function and its levelsets 
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serve as a compact support of the fault representation to describe the transition between the 
crack as a brittle subdomain into the elastic domain. Such transition is motivated by steady-
state phase-field ansatz. We performed 2D numerical experiments, including a kinematically 
driven Kostrov-like crack and spontaneous dynamic rupture as defined in SCEC community 
benchmarks. The method’s ability to flexibly represent faults is investigated by including non-
planar, curved, and mesh- independent fault geometries. Our method collapses volumetric 
complexities onto a distribution within a compact support, as opposed to the traditional 
infinitesimal treatment of fault planes with distinct on- vs off-fault rheologies, making it a 
flexible alternative for fault representation in dynamic rupture simulations. Further 
development may help to address the issue of fault zone evolution and internal rheology 
distribution in coseismic time scales. 

 

 
 

Figure 3: Results of numerical velocity stepping experiments comparing the frictional 
response of an interfacial reference model and the newly proposed continuum model 
and the theoretical steady-state friction. For details see Pranger et al., 2022. 
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Figure 4: Left: Embedded diffuse fault schematic. Mesh independent fault indicator 
φ(x) within an inelastic zone width of 2δ, defining the subdomain Σ. The zero level set 
φo describes the fault center of the diffuse shear zone. Right: Propagating kinematic 
Kostrov-like crack with a sigmoid shape in a diffuse fault zone. Hayek et al., in prep. 

 
Publications and Presentations:  

1. Elbanna, A. E., Gabriel, A., & Ben-Zion, Y. (2021, 08). Modeling Inelastic deformations in 
fault zones: From discrete to distributed damage. Poster Presentation at 2021 SCEC Annual 
Meeting. 

 
2. Gabriel, A., Elbanna, A. E., & Ben-Zion, Y. (2021, 08). High-performance computing and 

multi-physics earthquake modeling towards next generation earthquake simulations. Poster 
Presentation at 2021 SCEC Annual Meeting 
 

3. Pranger, et al. (2022, 04). Rate and State Friction as a Spatially Regularized Transient 
Viscous Flow Law. JGR, e2021JB023511, doi: 10.1029/2021JB023511. 

 
Broader Impacts: Training of two PhD students at UIUC: Md Shumon Mia (MechSe) and Chunhui 
Zhao (CEE) who are working on developing computational tools for modeling sequence of earthquakes 
and aseismic slip with off-fault inelasticity including plasticity, damage, and nucleation and 
propagation of off-fault cracks. Training of a PostDoc (C. Pranger) and PhD student (J.N. Hayek, URM 
student) in Gabriel’s group. 
 
Intellectual Merits: Development of computational tools for modeling different facets of fault zone 
inelasticity including damage, breakage, plasticity, and the spontaneous generation of secondary cracks 
will enable transformative opportunities in studies of earthquake physics including exploring the novel 
frontier of co-evolution of faults, fault zones, and earthquakes as well as quantitative constraints on 
different seismological and geological observables such as ground motion, energy budget, surface 
deformation, and fault zone structure.
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