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Abstract

Three interrelated issues concerning earthquake recurrence models and hazard assess-
ments are addressed in this study. The first is the impact of characteristic earthquakes
on seismic hazard assessment at the feature-specific level. The Renewal Hybrid Model
is proposed to account for the effects of characteristic earthquakes in the fault spe-
cific case where Poisson models may not be adequate. This model incorporates a
renewal-time, characteristic-magnitude model for larger events with the conventional
exponential-time, exponential-magnitude model for smaller events. This combina-
tion retains the simpler Poisson model, which is satisfactory for engineering hazard
analysis for smaller events, and captures both the characteristic time and the charac-
teristic magnitude effect of larger events. Properties of important temporal and mag-
nitude parameters are studied. The exact and the approximate hazards estimated
by these models are discussed. The approximate methods permit easy incorporation
of the model into existing popular hazard analysis software. Hazard estimates are
compared among models with a characteristic magnitude distribution coupled with
different temporal models. The characteristic magnitude effect is dominant in the
usual case where the source-site distance is not extremely small. This effect can be
further amplified by the characteristic time effect when the elapsed time is signifi-
cantly greater than the mean. The limited variability in the size of characteristic
earthquakes diminishes the necessity of considering predictability, i.e., the correlation

with the interarrival times associated with the time-predictable and slip-predictable
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models.

Second, based on the idea that a slip on a particular fault segment will induce stress
changes in other segments, recurrence and hazard analysis involving interaction be-
tween individual fault segments are developed. These physical stress changes (increase
or decrease) are linked to the stochastic recurrence time changes (advance or retar-
dation) through influence coefficients that can be determined by three-dimensional
dislocation theory. Phenomena (such as multiple ruptures and seismic quiescence)
that are observed, yet not explainable by traditional feature-specific models, can be
produced considering interactions. Temporal and spatial disorder is seen even with
in-isolation near-deterministic systems in the presence of interaction. Stochastic re-
newal models are extended to account for fault interactions. Analytical recurrence
approximations are developed. In areas of typical seismicity, the next event is found
to capture most of the hazard, providing a convenient way for hazard estimation with
interactions. The San Francisco Bay Area is used as an example.

Last, the Maximum Likelihood (ML) and the Bayesian methods are applied for
parameter and recurrence estimations. Historic and paleo- seismicity, geological slips
and slip rates, open interarrival times and noise on observations are considered. Bias
in the ML estimates may be important with the small sample sizes that are commonly
encountered in seismic hazard analysis. Procedures for correcting bias are discussed.
Several representative segments are used for demonstration purposes for parameter
and recurrence estimation. The decreasing trend of the estimate of the recurrence
probability with a long open interval is seen. When the likelihood function alone
is not sufficient to determine the best (ML) estimates, a prior distribution can be
assigned to help determine the estimates. This is the case for several segments of the

San Andreas fault where there is only one big event observed.
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Chapter 1

INTRODUCTION

1.1 Seismic Hazard Analysis

As opposed to dead loads which can be determined from some measurable quantities,
live loads induced by earthquakes (and wind, or waves for that matter) cannot be
described in a deterministic fashion for the purpose of designing structures. Their
generation mechanism is usually so complicated that random seems to be the best
description for their appearances. Naturally, probability theory has been applied
to quantify these very important yet “indeterminable” loads. The expected result
is, instead of a fixed number, estimates for the loads associated with corresponding
probabilities. These estimates can in turn be used by engineers who understand the
implications of a particular load estimate chosen. This is the objective of (probabilis-
tic) seismic hazard analysis.

After examining the source of earthquake loads, it is natural to decouple the mod-
eling in seismic hazard analysis into two separable but related parts: the model that
describes the occurrences of earthquakes (we shall call it the (earthquake) recurrence
model) and the model that describes the induced earthquake load (usually in terms

of ground shaking) given that a particular earthquake has occurred (we shall call it



INTRODUCTION 2

the ground motion model). Our focus in this study is on the former with details to

be described.

1.2 Background

Probabilistic seismic hazard analysis was pioneered by Cornell (1968). A Poisson
recurrence model and a simple ground motion attenuation function were coupled to
yield estimates for the desired ground motion exceedance probability. This prototype
took a phenomenological approach, modeling earthquake occurrences as a Poisson
process in time, with an exponential magnitude frequency.

Revisions were proposed for different realistic situations. Assuming stochastic
independence among times, magnitudes and locations of earthquakes, investigators
proposed various modifications. These include the following. Cornell and Vanmarcke
(1969) introduced an upper bound for modeling earthquake magnitudes. Merz and
Cornell (1973) proposed a quadratic magnitude frequency law. Shah et al. (1975) used
a bi-linear magnitude frequency law. Schwartz and Coppersmith (1984), Wesnousky
et al. (1984), and Youngs and Coppersmith (1985) employed characteristic magnitude
models.

Knopoff (1971) proposed a Markov model for earthquake occurrence times. Esteva
(1974) used renewal processes (gamma distribution) for interarrival times. Kameda
and Ozaki (1979) proposed a “double Poisson” process for interarrival times (two
different (time-dependent) activity rates). Vere-Jones and Ozaki (1982) used a com-
pound Poisson process for times. Bender (1984) proposed a two-state (active or
inactive) Poisson process.

Despite the above refinements, researchers were not satisfied with the assumed
independence between the occurrence times, magnitudes and locations of earthquakes.

Representative models that considered stochastic magnitude-time dependency were






