
2011 SCEC Annual Report 
 

How does damage affect rupture propagation across a fault stepover? 
 

PI: Heather Savage, Lamont-Doherty Earth Observatory, Columbia University 
PI: Michele Cooke, University of Massachusetts, Amherst 

 
We investigated the potential for fault damage to influence earthquake rupture at fault 
stepovers using a mechanical numerical model that explicitly includes the generation of 
cracks around faults.  Using Boundary Element Method models we can directly 
incorporate evolving growth of damage by adding fracture elements to the model during 
rupture propagation.  By investigating the detailed rupture behavior at stepovers with 
explicit damage, we can provide constraints for the parameterizations of damage at 
stepovers for regional fully dynamic earthquake rupture models. We compared the off-
fault fracture patterns and slip profiles generated along faults with a variety of step-over 
widths and distances between fault tips.  We also compared the damage patterns around 
restraining versus releasing steps as well as the rupture behavior for models with and 
without damage.   
 

 
Figure 1.  Model setup.  The two faults were loaded in an elastic continuum.  The faults 
are discretized into frictional elements that operate under slip weakening conditions.  
The rupture was nucleated at a weak patch on the left side of the first fault (shown in 
red).  Slip propagated towards the right and eventually interacted with a fault either a 
step above or below, depending on whether restraining or releasing steps were being 
investigated. 
 
We found significant differences between the patterns of damage generated around 
releasing and restraining stepovers (Figure 2).  In releasing stepovers, splay cracks near 
the ends of the two faults grow towards one another and into the releasing step. These 
cracks eventually form hard linkages between the faults and facilitate rupture propagation 
from one fault to the other.  In contrast, restraining steps form cracks that propagate away 
from and outside of the stepover.  Rupture is not as easily passed from the first fault to 
the second across the restraining stepover; however, this trend may only occur in nature 
during the first few earthquakes through the stepover.  More importantly from the 
perspective of fault zone growth, restraining steps will create wider damage zones per 
unit of displacement than releasing steps.  Damage zone width correlates with fault slip 



up to about 200 m of displacement [Savage and Brodsky, 2011].  Variations in this trend 
may owe to the differences in damage width at releasing or restraining stepovers. 
 

  
Figure 2. Example of damage patterns around releasing step (left) and restraining step 
(right). The positions of the faults are shown in the gray box. The faults are shown in blue 
and green, cracks that are generated during slip are shown in red.  The slip profiles for 
each fault are shown above.  In the releasing step, the damage grows between the two 
faults leading to facilitation of rupture, whereas in the restraining step damage grows 
away creating wider damage zones. 
 
 
The ability of the rupture to pass from one fault to another also depends on whether 
damage is allowed to grow.  In releasing steps, we compared models where cracks were 
allowed to form versus those without damage (Figure 3).  The hard linkage that develops 
from the growth of damage zone cracks allows slip to develop on the second fault, 
whereas slip in the model without damage terminates at the end of the first fault. 
 
 

 
Figure 3. The effect of damage on releasing step rupture propagation.  The hard linkage 
between faults at releasing steps allows for rupture to propagate to the second fault at 
the spot of the linkage (left).  Models with the same boundary conditions except for 
cracks being disallowed to grow show that rupture stops at the step over (right). 
 
The opposite situation can occur along restraining steps (Figure 4).  Models without 
damage allow for rupture to propagate across the step, whereas rupture within a model 
with the same boundary and initial conditions that grows damage will stop at the 
stepover.  The production of damage and slip along splay cracks serves to dissipate the 
rupture tip stress concentration and reduce the propensity for the rupture to pass to the 
second fault.  



 
Figure 4.  The effect of damage at restraining steps.  Rupture is passed where there is no 
damage (left).  In the model where damage is allowed to grow (right), slip along splay 
cracks near the end of the first fault dissipates the rupture tip’s stress concentration. 
 
 
In summary, this work has illuminated the interesting interplay of damage and rupture 
across fault steps.  Because conditions under which rupture produces damage area far 
more likely than those that would not produce damage, we conclude that ruptures should 
more easily propagate through releasing steps than restraining steps (should all other 
factors like total slip and stress drop be similar).  Furthermore, we expect wider damage 
zones around restraining steps due to the propagation of fractures away from the step 
over, which is borne out in the literature on fault damage zones. 
 
This work resulted in presentations at both the 2011 SCEC annual meeting and the Fall 
AGU 2011 meeting in San Francisco. 
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