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Dip-slip faulting juxtaposes different geologic materials with different properties, such that a 
strong material contrast will naturally tend to form. Both the material contrast across a fault, and 
dip-slip motion on a non-vertical fault, lead to normal stress variations during earthquake 
rupture.  This normal stress variation will significantly affect dynamic rupture propagation. To 
demonstrate this, we model dynamic rupture propagation on 2-D, reverse and normal faults (30°, 
45°, and 60° dipping) with 20% material contrasts.  For predominantly up-dip rupture 
propagation, we find that normal stress variations due to the free surface and material contrast 
can either reinforce or counteract each other depending on the configuration. For reverse faults, 
we find a larger strength drop for a more compliant hanging wall, and lower strength drop for a 
more compliant footwall. For normal faults, we find a larger strength drop for a more compliant 
footwall, and lower strength drop for a more compliant hanging wall. For both reverse and 
normal faults, ground motion will be more symmetric between the hanging wall and footwall 
with compliant material on the footwall and more asymmetric if more compliant materials are on 
the hanging wall. Our results have important implications for the dynamics of crustal, and 
perhaps subduction-zone, earthquake faulting, where strong bi-material contrasts across dipping 
faults are possible.  In continental settings, reverse faulting will tend to advect rigid materials 
from greater depth onto the hanging wall, such that the effects of fault dip and material contrast 
will counteract one another.  In subduction zones, the hanging wall is likely to be more 
compliant, and hence the material and geometric effects may reinforce one another.   
 
Under this grant we combined the two factors that can cause normal stress variations on faults by 
studying dynamic ruptures on dipping faults with a bi-material interface. This combination has 
been considered briefly by Shi and Brune (2005) who treated the case of an outcropping reverse 
fault with a sedimentary layer on the footwall and O’Connell et al. (2007) who examined 
dynamic rupture of a normal fault with a low-velocity basin on the footwall.  Neither of these 
studies identified the importance of dynamic normal stress variations on rupture dynamics and 
ground motion. We consider 2-D 30°, 45°, and 60° dipping (both reverse and normal) faults that 
separate two different homogeneous materials of 20% velocity contrast. The ruptures nucleate at 
depth and propagate predominantly up-dip. Using a finite-element approach we study the effects 
of material contrast on the dynamic rupture of both reverse faults and normal faults as well as the 
resultant ground motions. We show that normal stress variations caused by the material contrast 
and the dipping fault geometry either reinforce or counteract each other depending on the 
circumstances. If the material on the hanging wall of a reverse fault is more compliant (such as in 
subduction zones), the bi-material interface and wave reflections from the free surface will both 
encourage a larger strength drop, larger ground motion, and greater difference between the 
hanging wall and footwall motions, than would otherwise occur.  If the material on the hanging 
wall of the reverse fault is more rigid than the footwall, the normal stress variations caused by 
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the two factors will counteract each other, resulting in more evenly distributed ground motions 
on the hanging wall and footwall.  Similar effects apply to normal faults. 
 
We assume linear slip-weakening (Ida, 1972) on the fault. In all our simulations of dipping 
faults, the normal stress on the fault is time-dependent.  The fault is subject to homogeneous 
shear and normal stress conditions. We assume an initial shear stress of 2.8 MPa, and an initial 
normal stress of 6 MPa (where positive normal stress is understood to be compressive).  We 
further assume a uniform static frictional coefficient of 0.7, and a uniform dynamic frictional 
coefficient of 0.3. Thus, the dynamic stress drop in the absence of normal stress changes would 
be 1 MPa. These parameters are very similar to those used in Oglesby et al. (1998). The slip-
weakening distance is assumed 0.15 m over the fault. These parameters together will give rise to 
sub-shear ruptures. To nucleate the rupture we follow the scheme of Andrews (1976) by forcing 
the rupture to spread out bilaterally from a point (21.5 km down dip) at 2000 m/s. The shear 
stress drops from the initial stress to the dynamic friction over 10 time steps if slip occurs. 
Shortly after, the shear stress on the fault reaches the fault strength (static friction coefficient 
times normal stress) and the rupture starts to propagate spontaneously at a greater speed. The 
rupture propagates predominantly up-dip towards the surface. By changing the direction of shear 
stress only, we can simulate both reverse and normal faults for the same fault geometry. 
 
A problem associated with the bi-material interface is the instability caused by the instantaneous 
response of shear stress to normal stress change, which can excite waves of all wavelengths 
(Adams, 1995) and renders the problem ill-posed.  We use the approach (Day, 1982) of 
introducing Kelvin-Voigt viscoelasticity in the medium, which is equivalent to the stiffness term 
of the Rayleigh damping, and dampens short wavelengths propagating in the mesh.  We consider 
3 fault dips (30°, 45°, or 60°) for both reverse fault and normal faults.  
 
Time-dependent normal stress changes on the fault play an important role in the dynamics of 
rupture propagation. We have shown that normal stress variations due to the free surface and 
material contrast on a dipping fault with a bi-material interface can reinforce or counteract each 
other, which can cause: 
 
1) for reverse faults, a larger strength drop if more compliant materials are on the hanging wall 
and smaller strength drop if more compliant materials are on the footwall; and  
 
2) for normal faults, a smaller strength drop if more compliant materials are on the hanging wall 
and larger strength drop if more compliant materials are on the hanging wall. 
 
For both reverse and normal faults ground motion will be more symmetric between the hanging 
wall and footwall if the more compliant material is on the footwall and more asymmetric if the 
more compliant material is on the hanging wall. These results will have potentially important 
implications for the physics of dip-slip earthquakes and for predicting the strong ground motion 
they generate. 
 
Figures 1-8 on the following pages illustrate some of our results.  A full explanation is to be 
published as:  
  
2008 Ma, S., and G. C. Beroza, Rupture dynamics on a bi-material interface for dipping faults, 

Bull. Seismol. Soc. Am. (in press).  
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Figure 1. Snapshots of slip velocity (black solid line), shear stress change (gray solid line) and normal 
stress change (dashed line) for the 30° reverse fault where the more compliant material is on the footwall 
(case 3). The material contrast makes the normal stress more tensile ahead of the rupture front but more 
compressive behind it; however, for the reverse fault the free surface makes the normal stress more 
compressive ahead of the rupture front and more tensile the normal stress behind it as the rupture 
approaches the surface (free surface is on the left of each panel). The two effects counteract each other 
near the surface in this case, leading to a smaller normal stress change, and thus a smaller strength drop. 
 
 

 
Figure 2. Space-time plot of normal stress change on the 30° reverse fault for (a) case 1, homogeneous 
elastic media; (b) case 2, more compliant material on the hanging wall; (c) case 3, more compliant 
material on the footwall. The hypocenter is at 21.5 km down dip. The color scale is saturated to better 
illustrate features. Effects of the free surface and material contrast reinforce each other in case 2 leading 
to a much larger normal stress change near the surface compared to case 1.  The two effects tend to cancel 
each other in case 3 giving rise to a smaller normal stress change. Black lines show the slopes of S-wave 
velocities of the materials. 
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Figure 3. Peak velocity of hanging wall (black line) and footwall (gray line) along reverse faults for: 
homogeneous case; compliant hanging wall; and compliant footwall. Fault dip is shown on the upper left. 
First two numbers on upper right denote maximum peak velocity on hanging wall and footwall. Third 
number denotes the ratio of the first two numbers.  
 

 
 
Figure 4. Peak ground velocity along the surface for reverse faults for homogeneous case; compliant 
hanging wall; and compliant footwall. First two numbers on upper right denote maximum peak velocity 
on hanging wall side and footwall side. Third number denotes the ratio of the first two numbers.  Dashed 
line marks where the fault intersects the free surface. 



 5 

 

 
 

Figure 5. Snapshots of slip velocity (black solid line), shear stress change (gray solid line) and normal 
stress change (dashed line) for the 60° normal fault where the more compliant material is on the hanging 
wall (case 2). Both the free surface and material contrast make the normal stress more tensile ahead of the 
rupture front and more compressive behind it when the rupture approaches the surface, leading to a 
smaller normal stress change, and a smaller strength drop near the surface. 
 
 

 
 

Figure 6. Space-time plot of normal stress change on the 60° normal fault for homogeneous case; (b) 
compliant hanging wall; and (c) compliant footwall. The hypocenter is at 21.5 km down dip. The color 
scale is saturated to better illustrate features. Effects of the free surface and material contrast reinforce 
each other in case 2 leading to a smaller normal stress change near the surface compared to that in case 1, 
while they cancel each other in case 3 giving rise to a larger normal stress change. Black lines show the 
slopes of S-wave velocities of the materials. 
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Figure 7. Distribution of peak velocity of hanging wall (black line) and footwall (gray line) along normal 
faults for homogeneous case; compliant material hanging wall; and compliant footwall. Fault dip is 
shown on the upper left. First two numbers on upper right denote the maximum peak velocity on the 
hanging wall and footwall, respectively. Third number denotes the ratio of the first two numbers. 
 

 

Figure 8. Distribution of peak ground velocity along the free surface for normal faults for: homogeneous 
case; compliant hanging wall; and compliant footwall. Fault dip is shown on upper left. First two numbers 
on the upper right denote the maximum peak velocity on the hanging wall side and footwall side,. Third 
number denotes the ratio of the first two numbers. Dashed line marks where fault intersects free surface. 
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