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Summary 
 
Faults are rough at all scales and can be described as self-affine fractals. This deviation from 
planarity results in geometric asperities and a locally heterogeneous stress field, which affect the 
nucleation and propagation of shear rupture. In this project, we studied this effect numerically in 
2-D at the scale of small earthquakes, in which realistic geometry and friction law parameters 
can be incorporated in the model. The project, which was the basis for Yuval Tal’s PhD thesis 
(Tal, 2017), has three major components, each of which has been published in the peer-reviewed 
literature. The first (Tal and Hager, 2017) developed a novel finite element numerical approach 
to addressing the problem.  In order to enable slip that is large relative to the size of the elements 
near the fault, as well to capture accurately of the variation of normal stress during slip, Tal 
implemented slip-weakening and rate- and state-friction laws into the Mortar Finite Element 
Method, in which non-matching meshes are allowed across the fault and the contacts are 
continuously updated. The mesh near the fault is refined using hanging nodes to enable accurate 
representation of the fault geometry. In order to model the entire seismic cycle, including a 
completely spontaneous nucleation process, the code uses variable time stepping with quasi-
static and fully dynamic implicit schemes.  
 
The methodology developed was used to study the response of rough faults governed by rate- 
and state-friction to slow tectonic loading, where, in each simulation, the earthquake sequence 
includes at least two seismic cycles. With increasing roughness, there is a transition from seismic 
to aseismic slip behavior, in which the load on the fault is released by more slip events but with 
lower slip rate, seismic moment, and average static stress drop. In the second paper (Tal et al., 
2018), we analyze the nucleation process in the fast slip events and show that the roughness 
introduces local barriers that complicate the nucleation process and result in asymmetric 
expansions of the rupture, non-monotonic increases in the slip rates on the fault, and the 
generation of multiple slip pulses. In general, the nucleation length increases with increasing 
roughness amplitude. However, there are large differences between first slip events in the 
sequences, where the initial conditions are homogenous, and later events, where the initial stress 
field and friction conditions are determined by the rupture growth and arrest in previous slip 
events. 
 
In the third paper (Tal and Hager, 2017), we focus on the global behavior of the faults. We find 
that as the roughness amplitude, br, increases and the minimum wavelength of roughness 
decreases, there is a transition from seismic slip to aseismic slip, in which the load on the fault is 
released by more slip events but with lower slip rate, lower seismic moment per unit length, 
M0,1d, and lower average static stress drop on the fault, Δτt. Even larger decreases with roughness 
are observed when these source parameters are estimated only for the dynamic stage of the 
rupture. For br ≤ 0.002, the source parameters M0,1d and Δτt decrease mutually and the 
relationship between Δτt and the average fault strain is similar to that of a smooth fault. For faults 



with larger values of br that are completely ruptured during the slip events, the average fault 
strain generally decreases more rapidly with roughness than Δτt.  
 
The results of each of the three papers are summarized in their respective sections below. 
 
Tal & Hager (2017):  Dynamic Mortar Finite Element Software Development 
 
We extend the 2D finite deformation mortar formulation to dynamic problems and implement 
slip-weakening (SW) and rate-state (RS) friction laws into the method. We utilize the dual 
Lagrange multipliers and the primal–dual active set strategy concepts and accordingly discretize 
and linearize the friction laws to obtain a semi- smooth Newton method. Moreover, the 
discretization of the RS friction law involves a procedure to condense out the state variables, thus 
eliminating the addition of another set of unknowns into the system. Several numerical examples 
are provided in order to demonstrate the capabilities of the method for modeling shear rupture on 
rough surfaces governed by SW and RS friction laws. The effect of the different time 
discretization schemes on the convergence, energy conservation, and the time evolution of shear 
traction and slip rate is examined. 
 
The method shows excellent convergence for the SW friction law with efficient detection 
between the slipping and sticking states of the nodes despite the large number of nodes on the 
fault. A good convergence is also obtained for the RS friction law, but because of its high 
nonlinearity and because it involves significant variations of the friction coefficient with small 
change in slip rate, more iterations are needed before convergence. For both friction laws, the 
total energy is exactly conserved with the non-damping New- mark scheme and experiences very 
small growth with the mid-point scheme. The amount of energy dissipation in the damping 
schemes is quite small. It decreases with decreasing time step size and affects mostly the very 
high frequency variations in the shear traction and slip rate. 
 
Tal, Hager & Ampuero (2018): Effects of roughness on earthquake nucleation  
 
We study numerically the effects of roughness on the nucleation of earthquakes on faults 
governed by rate and state friction and subjected to slow loading. Our numerical approach 
accounts for all stages in the seismic cycle, and in each simulation we model a sequence of two 
earthquakes or more. This enables studying the effects of heterogeneities left by the arrest of a 
slip event on the nucleation process in a subsequent event. Roughness introduces local barriers 
that complicate the nucleation process and result in asymmetric expansion of the rupture, stages 
where the rupture expands but the slip rates on the fault decrease, and the generation of new slip 
pulses, which re-rupture regions that already slipped. 
 
A significant effect is observed for whether the slip events are first or later in the earthquake 
sequence, with larger effects of the roughness for the first events, where the initial conditions are 
homogenous. For the first events, there is a large increase in the nucleation length with br for br ≤ 
0.002, and a transition to aseismic or mostly aseismic deformation for larger br values. 
Moreover, in the first events the ruptures always initiate where the local geometry of the fault is 
most favorable for slip. For slip events later in the sequence, the initial stress field and frictional 
conditions are determined by the rupture growth and arrest in previous slip events, which are 



themselves determined by the finiteness of the fault and the roughness. This leads to a trade-off 
between the effects of the finiteness of the fault and the roughness. For br ≤ 0.002, the effects of 
finiteness of the fault on the initial stresses are a more dominant factor in the nucleation process, 
the nucleation length barely changes with br, and most of the events initiate close to the ends of 
the fault. For larger values of br, the roughness seems to play a larger role, the nucleation length 
increases with br, and location where the events initiate is more variable.  
 

 
Figure 1:  Figure 3 of Tal et al. (2018) 

 
To explain the behavior of the later events more quantitatively, we derive an approximate 
solution for the nucleation length, lnuc, on rough faults as !"#
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λmin < 1. The solution agrees well with the main trends observed in the simulations for the 
variation of lnuc with br and λmin and provides insight on the effect of frictional and roughness 
properties on the transition between seismic and aseismic slip behavior. The complexities in the 
nucleation process are reflected as irregular fluctuations in the moment rate, especially for br ≥ 
0.002. The irregular behavior of M0,1d and the increase in the nucleation length at these br values 
increase the potential for detection of the later stages in the nucleation process. 

values at the right-hand side. This leads to rupture nucleation on the right side of the fault, again in a crack-
like fashion, but with some effects of the location being close to the end of the fault. The nucleation length is
larger, with lnuc ≈ 8.5 m. It is important to note that, practically, the effect of numerical errors, which leads to
the break in the symmetry of the second slip event, is negligible because it is much smaller than the effect of
any heterogeneity of the fault.

In the case of a rough fault with Geo-1, br = 0.001, and λmin = 0.2 m (Figures 3b, 3d, and 3f), the nucleation
process is more complex and highly affected by local geometric barriers, which slow down the expansion
of the rupture and the increase in slip rate. At the beginning of the first slip event, there are already localiza-
tions of u and v, with the maximum values on a 5 m long segment at the center of the fault. A portion of this
segment also experiences a reduction of about 2% in μ. It is important to note that the rupture initiates in this

Figure 3. Profiles of u, v, and μ along the fault for a (a, c, and e) smooth fault and a (b, d, and f) rough fault with Geo-1,
br = 0.001, and λmin = 0.2 m. The time interval between the contours is variable for the loading and nucleation stages
and equal to 1 ms for the dynamic stage. The contours of μ are shown only for the first slip event in each sequence. The
contours of u are plotted for all the stages in the seismic cycle, that is, the loading (dashed purple), nucleation (red),
and dynamic (black) stages, where the dynamic stage includes both the propagation and arrest of the rupture. The final
stage of each slip event is shown in blue. In the case of the first event of the sequence obtained for a smooth fault, the
contours of v and μ are plotted for the whole dynamic stage, with gray contours for the arrest phase. However, for
better visualization of the nucleation stage, the contours of v and μ are shown only for the nucleation stage and the
beginning of the dynamic stage in other slip events. Moreover, the contours of μ are shown only for the first event in each
sequence and we plot only six contours (with different colors) for the nucleation stage.
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Tal & Hager (2018): Slip behavior and source parameters for slip events on rough faults 
 
We study the response of rough faults governed by velocity weakening rate and state friction to 
slow tectonic loading, using the mortar-based method developed in Tal (2017) and Tal and 
Hager (2017). The method enables the modeling of the whole seismic cycle, including the slow 
aseismic nucleation, the dynamic propagation, and the arrest of the rupture. 
 

Figure 2:  Figure 3 from Tal and Hager, 2018 
 
We focus on the global behavior of the faults and find that as the roughness prefactor br 
increases, there is a transition from seismic slip behavior to aseismic slip behavior, in which the 
load on the fault is released by more slip events but with lower slip rate, seismic moment M0,1d, 
and the average static stress drop Δτt. These parameters also decrease with decreasing minimum 
wavelength of roughness, especially for large values of br. 
 

accumulated from the beginning of the slip event. The seismic moment defined above may involve also the
slip accumulated over time scales of hours and days, and, for fast slip events, it is important to estimate how
much of the total seismic moment is released during the dynamic stage of the rupture. To estimate the
moment release during the dynamic stage of the rupture, M0dyn,1d(t), we examine the evolution of the
moment rate, which is given by

_M0;1d tð Þ ¼ G∫Lf v x; tð Þdx; (5)

where v(x, t) is the slip rate. Figure 5a shows the evolution of M0,1d, M0dyn,1d, and _M0;1d during the first slip
event on a fault with Geo-4 (30 m), br = 0.001, and λmin = 0.2 m. We define the beginning of the dynamic stage
of the rupture at the time when the moment rate exceeds a threshold value of _Mth;ini ¼ 5$ 109 N/s and

Figure 3. The evolution of maximum slip rate (a, c, and e) and average shear traction (b, d, and f) obtained for the fault geometries Geo-1 (20 m), Geo-4 (30 m), and
Geo-7 (40 m) shown in Figure 2, as well as for smooth faults.
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Because the deformation in the slip events may occur over time scales of hours and days and 
involves also aseismic slip, for the fast slip events we also estimate the seismic moment and 
stress drop during only the dynamic stage of the ruptures. We find even larger decreases of these 
parameters with increasing roughness compared to their corresponding total values. For br ≤ 
0.002, the source parameters M0,1d and Δτt decrease mutually and the relationship between Δτt 
and the average fault strain is similar to that of a smooth fault. For faults with larger amplitude of 
roughness that are completely ruptured during the slip events, the strain decreases more rapidly 
with roughness than Δτt. A consistent effect of the length of the fault, Lf, on Δτt and M0,1d /Lf 2 is 
observed only for smooth faults; thus, we speculate that roughness may be one of the reasons for 
the stress drop being independent of magnitude.  
 

Figure 
3:  Figure 6 from Tal and Hager, 2018 
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dynamically only to the left, rerupturing a portion of the fault with a negative slope. It stops propagating
dynamically at a local peak of the fault topography.

Figure 7a shows the total seismic moment of all the slip events in the 75 earthquake sequences, as well as the
average value of themoment for each combination of br, λmin, and Lf. It is important to note that in the case of
br ≥ 0.005, theremight be slip events that are not included here because they are too small to affect the beha-
vior of the average shear traction on the fault. In general, the average and the maximum values of the seismic
moment decrease with increasing br and decreasing Lf and λmin, where the effect of λmin is mostly observed
for br ≥ 0.005. For λmin = 1 m, the decrease in the moment of the largest event with br is quite small, where the

Figure 6. (a) The evolution of M0,1d, M0dyn,1d, and _M0;1d during the third slip event of the sequence obtained for fault with Geo-4 (30 m), br = 0.01, and λmin = 1 m.
Most of the event is aseismic, but the figure represents a time range of 85 s, which includes three short subevents where the rupture propagates dynamically
( _M0;1d > 5!109). (b) Contours of the slip accumulated from the end of second slip event. The stage where _M0;1d < 5!109 is represented by red contours at
decreasing time intervals. The dynamic stage is represented by black contours with time intervals of 1 × 10"3 s. (c) The geometry of the fault.

Figure 7. (a)M0,1d versus br for Lf = 20m (blue), Lf = 30m (green), and Lf = 40m (red) in all the slow (“x” symbols) and fast (“o” symbols) slip events in the 75 simulated
earthquake sequences, as well as the average values (solid curves). The events on faults with λmin = 0.2 m are shown on the left, and on those with λmin = 1 m
are shown on the right. (b) The moment ratioM0dyn,1d/M0,1d versus br for λmin = 0.2 m and 1 m for all the fast slip events, as well as the average values. Note that in
the case of br = 0.01, λmin = 1 m, and Lf = 20 m, there is only one fast slip event, so the average value is not representative.
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