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 One of the principal goals of the SCEC Fault and Rupture Mechanics area is to 
better constrain the impact of fault dynamics on earthquake hazard estimates. This is 
challenging, due to the earthquake rupture problem involving a wide range of scales, 
from individual grain contacts through networks of faults. Figure 1 illustrates these 
scales, which are progressively smaller from left to right. Because of the multi-scale 
nature of earthquakes, it is important to identify the small-scale mechanisms that have 
measurable impact at larger scales and to efficiently incorporate the effects of these 
mechanisms across scales. We identified shear strain localization in fault gouge as a 
physical process important for earthquake rupture, and investigated its influence in 
dynamic rupture simulations using the following multi-scale approach:  

•  At the grain scale (right-most panel in Fig. 1), we developed a physics-based 
continuum model for non-affine deformation and incorporated an effective 
temperature state variable that is heterogeneous within the fault gouge. 

• At the gouge scale (center panel in Fig. 1), we analyzed strain localization in a 
spring slider model and matched features of molecular dynamics simulations.  

• At the fault scale (left-most panel in Fig. 1), we identified localization as a 
mechanism for enhanced velocity weakening and found that dynamic ruptures 
with localized strain have larger stress drop and peak slip rates than ruptures with 
homogeneous strain. 

This work builds upon research that we completed with the Free Volume (FV) law 
formulation of STZ Theory (Daub and Carlson, in revision). The FV law ties fault 
weakening to dilation of the fault gouge, and re-strengthening occurs due to time-
dependent compaction. Our research identified that the slip rate dependent frictional 
length scale in the FV law influenced a range of characteristics of dynamic fault ruptures 
when compared to slip weakening (SW) and Dieterich-Ruina (DR) friction. Ruptures 
with the FV law had smaller nucleation lengths, lower peak slip rates, and larger slip 
required to reach steady sliding than the SW and DR laws. Additionally, the initial 
loading stress at which the FV law transitioned to supershear rupture was lower than in 
the SW or DR laws. However, one of the simplifying assumptions of the FV law is that 
strain occurs uniformly in the gouge. In this work, we no longer required uniform strain, 
and explored the importance of strain localization in earthquake rupture simulations. 

 
Physics of strain localization in fault gouge 
 
 We investigated the physics of strain localization by developing and analyzing 
continuum models for disordered solids.  Models for disordered materials are in some 
ways more complicated than those for simple crystals or Newtonian fluids because the 
materials generally have a yield stress like a solid, flow like a liquid above that yield 
stress, and exhibit interesting dynamical behavior such as work hardening and/or shear 
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localization (Anandarajah et al., 2002; Lu et al.,  2003). Our models were based on Shear 
Transformation Zone (STZ) Theory, a well-studied physical model for non-affine 
deformation in fault gouge (Falk and Langer, 1998; Pechenik and Langer, 2003; Langer, 
2004; Bouchbinder et al., 2006).  Plastic strain occurs in small, localized regions called 
STZs that are more susceptible to deformation under shear stress. 

Regions with an increased number of STZs have larger strain rates, and are 
designated by an elevated effective temperature. The effective temperature tracks the 
configurational disorder in the gouge, and the number of STZs is given by a Boltzmann 
weight. While the effective temperature is distinct from the thermal temperature, it 
exhibits similar behavior with terms for both shear heating and diffusion. STZ Theory 
accounts for strain localization by adding a finite gouge width into the fault core, and 
dynamically solving for the effective temperature within the gouge. This approach is 
distinct from the common practice of implementing a slip weakening or rate and state 
friction law on a planar fault. In our model for localization, the dynamic response of the 
effective temperature determined how strain is distributed in the fault core. Dynamic 
feedbacks in the non-linear governing equation for the effective temperature caused 
initial heterogeneity in the effective temperature to amplify, and strain spontaneously 
localizes to a shear band.  We showed that STZ theory accurately models shear band 
formation in a simulation of a disordered solid (Shi et al., 2006), and developed a 
criterion for when shear bands form based on the initial conditions (Manning et al., 
2007). 

Particularly intriguing are our new results concerning the rate-dependence of STZ 
theory.  Recent simulations of disordered solids indicated that at low imposed strain rates 
the effective temperature approached a constant steady state, but at higher strain rates the 
steady state effective temperature was rate-dependent (Haxton and Liu, 2007).  We 
showed that STZ theory generates the observed behavior over a wide range (4 decades) 
of strain rates (Langer and Manning, 2007).  Figures 2(a) and 2(b) show an STZ fit to 
simulation data for stress as a function of strain and effective temperature.  While this 
rate dependence is related to the glass transition and sheds light on fundamental statistical 
physics, it also has exciting implications for friction laws on earthquake faults.  Local 
regions with higher strain rates may attain much higher effective temperatures, and this 
leads to a range of dynamic behavior.  Preliminary results suggested that at very low 
strain rates the system will remain homogeneous, with no shear band development. At 
moderate strain rates the system developed wide shear bands, where the length scale 
depends on the density of STZs, and at large (co-seismic) strain rates the system 
developed very narrow diffusion-limited shear bands.   We used this rate-dependent STZ 
model to study the friction law on the fault. 

 
Localization and dynamic fault weakening 

 
   At the smallest scales, individual STZ reversals form the physical basis for the friction 
law, as illustrated in the right-most panel of Fig. 1.  The center panel shows the gouge-
scale localization or shear bands, and the left panel is a schematic of the fault model, 
where dynamic ruptures propagate along the strike of a fault. Our models investigated the 
consequences for fault-scale ruptures that allowed for dynamic strain localization at the 
gouge scale. 
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 Our simulations revealed that strain localization is a mechanism for enhanced 
velocity weakening. Spring slider models that dynamically localized weakened more 
rapidly than a spring slider model with homogeneous deformation when driven at the 
seismic slip rate of 1 m/s, as illustrated in Fig. 3(a). Additionally, far less shear 
displacement was required for the stress dynamically localized model to reach its steady 
value. The dynamics of strain localization can be seen in Fig. 3(b) and 3(c), which plot 
strain rate as a function of position. For small values of displacement, strain was 
approximately homogeneous. After additional displacement, strain spontaneously 
localized due to the non-linear feedbacks in the effective temperature equation. Finally, a 
narrow shear band, whose width is related to the diffusion length scale D1/2, developed 
when the shear stress stabilized. 
 For the larger scale problem of dynamic rupture propagation, we implemented the 
STZ friction law into a spectral boundary integral code, which was developed by Eric 
Dunham. We solved the STZ friction law simultaneously with the elastodynamic 
equation. We compared two types of spontaneous ruptures, one where strain dynamically 
localizes and one where deformation is homogeneous, analogous to the cases we 
investigated with the spring slider model. 
 As with the spring slider, dynamic strain localization enhanced the velocity 
weakening in earthquake ruptures. The stress drop for a dynamically localized rupture 
was larger than a rupture that does not exhibit localization, which can be seen in Fig. 
4(a). The plot of shear stress as a function of slip at a single point on the fault reveals that 
localized rupture also required less slip to weaken to steady sliding. Additionally, 
dynamic localization produced larger peak slip rates when compared to the homogeneous 
rupture (Fig. 4(b)). In Fig. 4(b), we compared the dynamic evolution of the slip rate at a 
single point to two other rupture models with homogeneous deformation. We focused on 
constructing homogeneous ruptures that matched two specific quantities related to the 
slip velocity: the arrival time of the slipping front, or the peak slip rate. Regardless of the 
choice of the width, a homogeneous rupture could not replicate both the arrival of the 
slipping front and the peak slip rate in the localized rupture. We also compared the 
evolution of slip rate as a function of slip between the localized rupture and the narrowest 
homogeneous rupture. Figure 3(c) revealed that the slip acceleration is different for the 
localized rupture. The localized rupture produced different high frequency seismic 
radiation, and the slip evolution for the localized rupture was distinct from any 
homogeneous rupture. 

 Because peak slip rates and stress drops in dynamic ruptures resulted in more 
intense shaking away from the fault, our simulations showed that the gouge-scale physics 
of localization have measurable fault-scale consequences for earthquake hazard. 
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Figure 1. An illustration of the range of scales in the earthquake rupture problem. The 
scale moves to progressively smaller phenomena from left to right. Left: fault scale 
model, with a thin layer of gouge described by STZ theory sheared between elastic rocks. 
Center: close up of deformation inside the gouge, where shear strain develops into a 
localized shear band (dark regions). Shear band image taken from Falk and Shi (2002), 
and re-oriented to match the sense of shear of the fault and grains. Right: microscopic 
picture of the grain scale, with an STZ undergoing transformation from a “+” oriented 
zone (left) to a “−” oriented zone (right). As the gouge deforms plastically, the ellipse 
drawn through the particles flips its orientation. STZ diagram taken from Falk and Langer 
(1998). 
 
 

 
 
Figure 2: Rate dependent STZ theory. Symbols are simulation data (Haxton and Liu, 
2007) and solid/dashed lines are STZ solutions for steady state (Langer and Manning, 
2007).  Different colors correspond to different thermal temperatures, and solid lines/ 
filled symbols correspond to thermal temperatures below the glass transition, when the 
material is solid.  (a) Plot of the log of the shear stress normalized by the yield stress as a 
function of the log of the normalized strain rate. The steady state stress increases as a 
function of strain rate and the material is velocity strengthening. (b) Plot of the effective 
temperature as a function of the log of the normalized strain rate. Steady state effective 
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temperature approaches a constant at low strain rates and increases rapidly at higher 
strain rates. 
 

 
 
Figure 3: (a) Plot of shear stress as a function of shear displacement for the spring slider 
model. Comparison between dynamic strain localization and homogeneous deformation 
reveals that localized strain exhibits more rapid weakening. (b) Strain rate profiles for 
four representative shear displacements during localized strain, indicated in plot (a). (1) 
An initial period of broad deformation occurs before (2) strain dynamically localizes. (3) 
A narrower, diffusion-limited shear band develops with further shear. (c) Inset: The 
narrow shear band eventually accommodates all of the deformation. 
 
 

 
 
Figure 4: Dynamic rupture evolution at a point 0.35 km from the hypocenter. (a) 
Comparison of shear stress as a function of slip. Dynamic localization of deformation 
produces more rapid velocity weakening than the rupture with homogeneous strain. (b) 
Plot of slip rate as a function of time. The dynamic strain localization rupture is compared 
with a host of models with homogeneous strain. None of the values of the imposed gouge 
width w can match both the peak slip rate and rupture front arrival of the rupture with 
localized strain. (c) Inset: Slip rate as a function of slip for the localized and narrowest 
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width homogeneous rupture. The more rapid acceleration of slip in the narrowest 
homogeneous rupture is distinct from the localized model. 
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