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Abstract. 
 
Stress triggering and fault interaction concepts are beginning to be incorporated into 
quantitative earthquake probability estimates. However, existing methods are limited in 
their range of compatible earthquake nucleation models. I introduce a new general 
method for translating stress changes into earthquake probability changes, which can 
potentially be used with any physical fault model.  I demonstrate that this model works 
better for the assumption of rate-and-state friction than a prior model that “double-
counts” the stress change by applying a Coulomb stress threshold and a rate-and-state 
model in combination. Given the large uncertainties in earthquake probability 
calculations, it is unclear whether the small probability changes resulting from stress 
transfer are significant and meaningful for the purposes of seismic hazard assessment. I 
present an exploration of parameter space that demonstrates that the probability changes 
due to stress triggering are significant only for time intervals that are short compared to 
the repeat time of the target fault. Therefore stress change calculations will be useful in 
long-term seismic hazard assessment only for low slip-rate faults. Otherwise, stress 
triggering calculations are best utilized in the short-term immediately following a major 
earthquake. 
 
Intellectual Merit.  One of the fundamental goals of SCEC is to move towards physical 
models of earthquake occurrence, and incorporating these physical models into seismic 
hazard assessment.  This work contributes towards our ability to implement physical 
models of earthquake triggering in a probabilistic framework. 
 
Broader Impacts.  This project contributed to the training of a female early-career 
scientist (the PI was a post-doc at the time of this project.) 
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1. Method  
 
I introduce a new method for incorporating stress changes into the estimation of earthquake 
probability. The idea is to map the probability density function (pdf) for the time of failure of a 
fault to a new pdf reflecting the effects of a change in stress. This new technique has an 
advantage over prior methods in that it can be used with any physical model of earthquake 
nucleation, and can therefore continue to be used as our knowledge of fault mechanics improves. 
It can also be used to directly compare the implications of different physical models.  
 
The method takes three inputs: (1) the initial time-of-failure pdf for an earthquake of defined 
magnitude on the fault of interest, (2) the computed stress change on the fault, and (3) a rule 
relating the post-stress-change time to failure of a fault to the pre-stress-change time to failure for 
any given stress change. This rule is derived from some quantitative model of earthquake 
nucleation, and must preserve the order of failure (i.e., if one fault is initially closer to failure than 
another, it will still be closer to failure if both faults experience the same stress change.) The 
method is modular in that it can be used for any pdf, any stress change, and any quantitative 
nucleation model.  
 

 
Figure 1. The implementation of the new method for incorporating stress changes into earthquake 
probability estimates. The pdf can be thought of in terms of a collection of hypothetical faults, each 
with an exactly known time of failure. Each has an equal probability of being the real fault, so the 
density of their times to failure is equivalent to the pdf. The stress change moves each of the 
hypothetical sources toward failure by a different amount, shifting and deforming the distribution 
of their times of failure, as shown in the bottom panel.  The probability of the real fault failing at a 
time between two given reference hypothetical sources must be the same before and after the stress 
change. The pdf with the stress change can therefore be constructed from the pdf without the stress 
change as shown. The post-stress-change time of failure of each reference fault is found, and the 
probability P1 that the earthquake occurs before reference fault 1 is kept constant, as is the 
probability P2 that the earthquake occurs between reference faults 1 and 2, etc. With closely spaced 
reference faults, the constructed pdf will approximate a continuous pdf. 
 
The time-of-failure pdf can be thought of in two ways. It is usually understood to describe the 
probable time of failure of a single, real fault for which the exact failure time is not known. 
Alternatively, consider a collection of hypothetical faults, each with an exactly known time of 
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failure. One of the hypothetical faults corresponds to the real fault, but we do not know which 
one, and each has an equal probability. The pdf for the time of failure of the real fault can be 
thought of as the density of the times of failure for an appropriate collection of hypothetical 
faults.  
 
The effect of the stress change on the pdf can also be considered in terms of this collection of 
hypothetical faults. The stress change is applied to each of the hypothetical faults, and the given 
model of earthquake nucleation is used to map the pre-stress-change time of failure to the post- 
stress-change time of failure. The stress change moves each hypothetical source toward or away 
from failure, shifting and perhaps deforming the distribution of their times of failure. The new 
distribution of times of failure is equivalent to the new time-of-failure pdf, including the stress 
change, for the real fault. It is impractical to generate a very large set of hypothetical faults and 
track each one individually, so the method is implemented equivalently but somewhat differently.  
 
The implementation of the method is based on tracking a subset of the hypothetical faults, and 
filling in the probability between them. The hypothetical sources are initially sorted by their time 
to failure, and they remain in the same order of failure as they experience the same stress change 
(for example, Figure 1 of Dieterich [1994] illustrates this for the rate-and-state friction model.) 
Because the ordering must be preserved, the same number of hypothetical sources always fail 
between two given reference sources. Therefore the probability of the real fault failing at a time 
between them is the same after the stress change as before. The new pdf can be constructed by 
keeping the area under the curve constant between each pair of reference sources (Figure 1.) 
 
2. Improvement over Prior Methods  
 
The technique for incorporating stress changes into the estimation of earthquake probability that 
is predominant in the literature [Stein et al., 1997; Toda et al., 1998] is implemented incorrectly. 
The resulting errors in the computed conditional probability can be seen by comparing the results 
with synthetic data sets (some examples appear in Figure 2). The error is dependent on the input 
parameters, but for most parameter values, it is an overestimate. 
 
The method assumes that a probability density function (pdf) for the time of failure of a fault, 
without the effects of the stress change, is given, and that the stress change is a step change in 
shear stress. The earthquake probability including the stress change is then computed in two 
steps. In the first step, the initial pdf is shifted forward in time by the time that it would take to 
accumulate the given stress change at the background stressing rate. In preparation for the second 
step, the conditional probability for the time period of interest is computed using the shifted pdf. 
This probability can also be thought of as an earthquake rate for a stationary Poisson model.  The 
second step consists of perturbing this earthquake rate based on the relationship between stress 
and seismicity rate found by Dieterich [1994]. 
 
The most fundamental problem with the implementation of the method [Stein et al., 1997; Toda 
et al., 1998] is the lack of a consistent underlying physical model. Step 1 is based on the model 
that a fault fails when it reaches a critical stress threshold. Step 2 is based on the accelerating slip 
to failure model of Dieterich [1994]. The use of two different physical models leads to a sort of 
double counting, where first one model is applied and then the other. Steps 1 and 2 do essentially 
the same thing: they consider the time to failure pdf to be a distribution of hypothetical 
earthquake sources and shift the expected time of failure of each source by the amount of time 
predicted by the model. First the time to failure of each source is shifted by the time predicted 
from the critical stress threshold model, and then it is shifted again by the time predicted from the 
critical slip rate model. 
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Figure 2. Test of two methods for incorporating stress changes into earthquake probability estimates.  
Synthetic data sets were constructed using the given parameters, and the fraction of events occurring 
in 10-year time periods is found, given that the event did not occur before the time period began. The 
time axis indicates the beginning time of each interval, relative to the time of the stress step. The 
conditional fraction of events occurring in each time period with and without the stress step is shown 
as solid and dashed gray lines, respectively. The conditional probabilities for the same time periods, 
using the same input parameters, computed using the methodology introduced in this project, are 
shown as solid black lines. The conditional probabilities computed using the method of Stein et al. 
[1997] and Toda et al. [1998] are shown as dashed black lines. The dotted lines show results for the 
method of Stein et al. [1997] and Toda et al. [1998] if step 1 of their process is omitted. (a) An 
example of a stress increase. (b) An example of a stress decrease. (c) An example of a stress change 
occurring early in the seismic cycle. (d) An example of a stress change occurring late in the seismic 
cycle.  
 
 
3. Results 
 
I assess the significance of a computed earthquake probability change following from a stress 
change, with respect to the uncertainty in both the earthquake probability and the probability 
change. Whether or not a given probability change is meaningful for seismic hazard assessment is 
somewhat subjective. I will assume that a probability change less than the computed 1σ 
uncertainty in the probability is not a significant change. Adjusting an estimated earthquake 
probability within its 1σ confidence range should not, for instance, lead to any significant 
changes in calculated ground motion probabilities or major shifts in public policy related to the 
earthquake potential.  
 
I explore the significance of the conditional probability changes by computing probabilities, using 
the Dieterich [1994] rate-and-state mode, over a range of parameter values (Figure 3). Each panel 
shows results for a stress change occurring at a different point in the seismic cycle. The percent 
change in conditional probability is shown as a function of the stress change, normalized by the 
seismic cycle stress, and the time interval, normalized by the length of the seismic cycle. The 
normalization means that Figure 3 applies to faults with any stressing rate. The shading indicates 
areas where the probability changes are not significant, assuming input parameter uncertainty on 
the order of parameter uncertainty in California. 
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Larger stress changes produce larger and more significant probability changes. Probability 
changes tend to be larger and more significant for stress changes occurring earlier in the seismic 
cycle. This is because the model of Dieterich [1994] implies a larger change in time to failure the 
earlier the stress step is applied. The probability change is also larger and more significant for 
shorter time intervals, because, for the fault model of Dieterich [1994], earthquake rate (and 
probability) change is greatest immediately following a stress change.  
 

 
Figure 3. Contours indicate percent probability change as a function of the stress change 
(normalized by the seismic cycle stress) and the length of the time interval (normalized by the event 
repeat time on the target fault) which is assumed to start at the time of the stress change. Because of 
the normalization, these Figures are appropriate for faults with any stressing rate. Each panel 
shows results for a stress change occurring at a different time during the seismic cycle. The shaded 
region indicates roughly where the conditional probability change will not be statistically 
significant at the 1σ level.  I assume that the original probability distribution is log-normal with a 
coefficient of variation b = 0.5, and that Aσ is 0.1 of the seismic cycle stress (following Dieterich 
[1994]). The symbols show results using data from a study of Landers earthquake (square), Toda 
et al. [1998] (triangles), Parsons et al. [2000] (circles), and Toda and Stein [2002] (diamond).  
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The conditional probability change and its significance can be roughly determined using Figure 3, 
without having to implement the technique introduced above, as long as the repeat time and the 
time since the last event can be estimated. Data from Toda et al. [1998], Parsons et al. [2000], and 
Toda and Stein [2002], are shown in Figure 3. Only five faults (all from the Kobe earthquake 
study of Toda et al. [1998]) exhibit significant probability change. Two of these faults 
experienced relatively large stress changes of 0.3 – 0.4 of the assumed seismic cycle stress, while 
the other three are relatively low slip rate faults with lower stress changes, decreases of <0.1 of 
the assumed seismic cycle stress. 
 
Taken together, these results imply that conditional probability changes computed from stress 
changes are usually meaningful only for time intervals that are short compared to the repeat time 
of the target fault. Therefore stress change calculations may be useful in long-term (≥30 year) 
seismic hazard assessment for low slip-rate faults. For high slip-rate faults, which, because of 
their more frequent earthquakes, are of more societal importance and tend to dominate PSHA 
calculations, stress changes are useful mainly for short-term probability estimates immediately 
following a major earthquake. This implies a limited usefulness for stress change modeling in 
PSHA. Stress triggering concepts would be of most practical value in hazard assessment as part 
of a short-term, near-real-time response to major earthquakes.  
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