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Abstract

Both probabilistic and deterministic methods have a role in seismic hazard and risk analyses performed for decision-making purposes.

These two methods can complement one another to provide additional insights to the seismic hazard or risk problem. One method will have

priority over the other, depending on how quantitative are the decisions to be made, depending on the seismic environment, and depending on

the scope of the project (single site or a region). In many applications a recursive analysis, where deterministic interpretations are triggered by

probabilistic results and vice versa, will give the greatest insight and allow the most informed decisions to be made. q 2001 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Deterministic vs. probabilistic approaches to assessing

earthquake hazards and risks have differences, advantages,

and disadvantages that often make the use of one advanta-

geous over the other. Probabilistic methods can be viewed

as inclusive of all deterministic events with a ®nite prob-

ability of occurrence. In this context, proper deterministic

methods that focus on a single earthquake ensure that that

event is realistic, i.e. that it has a ®nite probability of occur-

rence. This points to the complementary nature of determi-

nistic and probabilistic analyses: deterministic events can be

checked with a probabilistic analysis to ensure that the event

is realistic (and reasonably probable), and probabilistic

analyses can be checked with deterministic events to see

that rational, realistic hypotheses of concern have been

included in the analyses.

Determinism vs. probabilism is not a bivariate choice but

a continuum in which both analyses are conducted, but more

emphasis is given to one over the other. Emphasis here

means weight in the decision-making process, regarding

whatever choices are available for risk reduction or loss

mitigation. This includes system layout, design or retro®t

levels, insurance, disaster planning, and recovery efforts.

The most perspective will be gained if both deterministic

and probabilistic analyses are conducted.

Factors that in¯uence the choice include the decision to

be made (i.e. the purpose of the hazard or risk assessment),

the seismic environment (whether the location is in a high,

moderate, or low seismic risk region), and the scope of the

assessment (whether one is assessing a site risk, a multi-site

risk, or risk to a region). Details of these factors and how

they are considered by deterministic and probabilistic meth-

ods are presented in the following sections.

2. Earthquake decisions

In any relevant seismic hazard or risk analysis the result

will be used to make a decision. This might be the selection

of design or retro®t criteria and levels, ®nancial planning for

earthquake losses (levels of insurance or reinsurance, or

self-insurance), investments for redundant industrial

systems, planning for emergency response and post-earth-

quake recovery, and planning for long-term recovery. Such

decisions are best served with both deterministic and prob-

abilistic perspectives, and the best analyses are conducted

knowing the decisions to be made.

A general rule is that the more quantitative the decision to

be made, the more appropriate is probabilistic hazard and

risk assessment. Examples are as follows in Table 1.

In the ®rst three examples above, consideration of all

events and their probabilities is usually necessary for an

informed decision. For seismic design and retro®ts, deter-

ministic scenarios are useful if they have been derived from

magnitude and distance deaggregationÐsee, for example,

[2,4]. Deterministic scenarios may also be useful to check

worst-case events, e.g. the largest magnitude at the closest

distance. Insurance/reinsurance decisions are likewise

highly quantitative and deserve analyses that consider all
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possible events, and decisions are often made on the 250- or

500-year loss. These decisions also bene®t from identi®ca-

tion of a `maximum foreseeable loss', which is a determi-

nistic event de®ned by some criterion as the worst possible.

Informed design or retro®t decisions for an industrial

complex, possibly involving redundant systems, might be

made either on basis of probabilistic analysis or determinis-

tic scenarios. For example, if the major hazard is from

ground shaking and many faults contribute to that hazard,

a probabilistic approach would be used, perhaps looking at

the multi-variate shaking hazard at several locations simul-

taneously. If the system is a lifeline that crosses an active

fault, a deterministic approach would be appropriate that

examines the effect on the system of fault movement.

Plans for recovery from earthquake losses, whether

immediate or long-term, usually involve deterministic exer-

cises, just because the level of planning effort is so great that

multiple events cannot be considered. Emergency planners

must focus on a given scenario to check communications,

mobility, response times, medical and personnel needs.

While a deterministic scenario might play a large role, a

probabilistic model might be used to select a particular

event with characteristics suf®cient to test response organi-

zations and reveal de®ciencies.

Fig. 1 shows where these example applications fall in the

deterministic-probabilistic spectrum. This illustration is

non-quantitative and is meant to show that, while all deci-

sions will bene®t from both probabilistic and deterministic

considerations, emphasis will be placed on one analysis or

the other for different decisions.

3. Seismic environment

The seismic environment plays a strong role in the appro-

priateness of deterministic assessments. For high seismic

regions at active plate margins (e.g. California or Japan)

where the largest earthquakes may occur every 100±300

years, the design ground motion may be the 475-year shak-

ing. This may correspond to the largest magnitude on the

closest fault to the site, which is particularly relevant to a

site located next to an active fault. A deterministic scenario

for this event will allow details to be examined such as

ground motion effects caused by rupture propagation. This

may lead to insights on risk for a particular lifeline or city

that might not be available from more encompassing prob-

abilistic analyses. The high ground motions in Kobe from

rupture propagation toward the city during the 1995 earth-

quake is an example of this detailed effect that might be

identi®ed by a deterministic analysis.

In moderate and low seismic regions, extreme determi-

nistic scenarios will have probabilities of occurrence that

are too low to be useful for most decision purposes. For

example, if there are 1000 cities located in a mid-plate

region, it would not be cost effective to design all structures

in those cities for the 10,000-year event (the maximum,

deterministic earthquake), even though ®ve cities are likely

to experience that ground shaking in the next 50 years

(a typical design lifetime for structures). The reason is

that designers make design decisions on a building-by-

building basisÐit would not be appropriate to design for

an event that has only a 0.005 probability of occurrence

during the structures lifetime. The 475-year return period

ground motion (probability ~0.1 of exceedence in the struc-

ture`s lifetime) is a more typical choice.

Deterministic interpretations are still important in all seis-

mic environments. Deaggregation of seismic hazard [2,4]

allows us to focus on the events (magnitudes and distances)

that dominate the seismic hazard, and to generate realistic

spectra and time histories of motion. In fact the best seismic

hazard applications are recursive analyses, as discussed below.

4. Scope of project

Finally, the scope of the project is important, that is,

whether we are analysing a speci®c building, a group of

R.K. McGuire / Soil Dynamics and Earthquake Engineering 21 (2001) 377±384378

Table 1

Examples of earthquake decisions

Decision Quantitative aspects of decision Predominant approach

Seismic design levels Highly quantitative Probabilistic

Retro®t design Highly quantitative Probabilistic

Insurance/reinsurance Highly quantitative Probabilistic

Design of redundant industrial systems Quantitative or qualitative Both

Training and plans for emergency response Mostly qualitative Deterministic

Plans for post-earthquake recovery Mostly qualitative Deterministic

Plans for long-term recovery, local Mostly qualitative Deterministic

Plans for long-term recovery, regional Mostly quantitative Probabilistic

Fig. 1. Seismic risk applications in the deterministic-probabilistic spectrum.



facilities or communities, or a region at risk. Fig. 1 illus-

trates the degree of deterministic and probabilistic analysis

that is appropriate for projects of different scopes.

The analysis of a speci®c site generally usually requires a

probabilistic approach, but a deterministic check on the result-

ing decision is appropriate. Generally many tectonic faults and

unidenti®ed seismic sources contribute to the seismic hazard

and risk at a site, and the integration of these through a prob-

abilistic analysis provides the most insight.

Multiple-site analyses (e.g. for a portfolio of exposed or

insured properties, or for a lifeline) often require a probabil-

istic analysis because of multiple variables and complexities

of the system. Often several technical ®elds are required for

the analysis (seismology, earthquake engineering, structural

engineering, mechanical engineering, and industrial

design), and a set of deterministic assumptions with varying

degrees of conservatism can be misleading. A probabilistic

model provides a way for all technical ®elds to quantify

their interactions and effects in a common format.

Regional assessments often bene®t most from deterministic

models, where the probability of occurrence of the scenario in,

for example, any one city is small, but is large for the region.

This concept of multiple deterministic scenarios will allow

rational preparation, even though the details of the forecast

earthquake may be wrong. The detailed scenario is also a

strong motivational tool to those not familiar or comfortable

with detailed mathematical models.

5. Recursive analysis

The most insightful assessment of seismic hazard and

risk will be made through recursive analysis, wherein a

seismic hazard or risk analysis is conducted, the domi-

nant sources of hazard or risk are identi®ed, and more

sophisticated models of these sources are created at a

higher level of detail than is possible for all sources.

The hazard or risk analysis is then repeated with the

higher level of detail, and the process is repeated.

Conclusions are reached when the dominant sources

are stable and when suf®ciently detailed models of the

sources have been created to re¯ect important trends.

A recursive analysis uses probabilistic assessments to

identify deterministic events that dominate, we model the

deterministic events in whatever level of detail is appropri-

ate to bring out critical trends for that site, and we fold those

critical trends back into a revised probabilistic assessment.

The advantage is that we need not model every fault, every

earthquake, and every ground motion record in precise

detail; we let the initial analysis guide the level of effort,

and put more resources where they are needed for an accu-

rate hazard or risk assessment.

Probabilistic and deterministic analyses play mutually

supportive roles in earthquake risk mitigation. A proper

probabilistic analysis must include all credible deterministic

scenarios, to itself be credible. A deterministic scenario

must be rational enough to be included in a probabilistic

analysis, to give rationality to determinism. A good earth-

quake risk mitigation study will use both analyses to the

maximum bene®t.

As a simple example application of a recursive analysis,

we examine the seismic hazard in Oakland, California,

which comes from faults in the San Francisco Bay area

(see Fig. 2). We calculate the seismic hazard in two phases,

as follows.

5.1. Phase 1

This is the exploratory phase, where all faults are

modeled in a preliminary fashion and ground motion is

modeled with a generic equation. For this example we

model faults using a segmented fault representation, with

each segment having a characteristic magnitude distribu-

tion, following CDMG [3]. Segments for the Hayward

fault are as follows:

Segment 1 Total Hayward fault, slip rate� 9 mm/year,

Mmax� 7.1

Segment 2 Hayward north fault, slip rate � 9 mm/year,

Mmax� 6.9

Segment 3 Hayward south fault, slip rate � 9 mm/year,

Mmax� 6.9

The Oakland site lies approximately at the location where

segments 2 and 3 intersect. We also used one ground motion

attenuation equation (chosen for this example to be the

Abrahamson and Silva model [1]). Fig. 3 shows the 100-

year uniform hazard spectra for Phase 1. Sensitivity studies

show that the Hayward fault dominates the hazard, indicat-

ing annual frequencies that are factors of three higher than

other faults at ground motions of interest (spectral accelera-

tions above 0.2 g). This is as shown in Figs. 4 and 5 for

10 Hz and 2 s, respectively. Thus in Phase 2 we concentrate

on modelling ground motions from the Hayward fault.

5.2. Phase 2

In Phase 2 we model ground motions from events on the

Hayward fault, taking into account rupture propagation and

directivity. In place of a detailed time-domain model, we

use the general relationships of Somerville et al. [5] to

modify the Abrahamson and Silva equations [1]. These rela-

tionships model the effect of rupture directivity on ground

motion for an average horizontal component of motion (i.e.

average of fault normal and fault parallel components). The

effect depends on site proximity to the fault, azimuth

between rupture and site, and direction of rupture. In a

real application we might use detailed time-domain model-

ling that accounts for rupture directivity and the radiation

pattern of energy release to evaluate spectral amplitudes for

speci®c components (fault normal and fault parallel). Fig. 3

shows the 100-year uniform hazard spectra for Phase 2.

Depending on the period, the effect of rupture propaga-

tion and directivity may be important. At long periods (5 s),

these effects raise the UHS by about a factor of 1.3. At short
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periods there is no effect. For the fault normal component of

motion the effect will be larger than 1.3 at 5 s; for the fault

parallel component it will be smaller.

We can examine a deterministic event from the Phase 2

seismic hazard analysis by looking at the largest magnitude,

at the closest distance, with the largest ampli®cation result-

ing from directivity effects. Fig. 6 shows a deaggregation of

seismic hazard by magnitude and distance for 2 s spectral
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Fig. 2. Oakland site used in seismic hazard example.
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Fig. 4. Hazard contribution by source for 10 Hz spectral acceleration.

Fig. 3. 100-year UHS for Phases 1 and 2.



acceleration of 0.5 g. The deaggregation shows the domi-

nant contribution of nearby, M~7 events. The deterministic

ground motion was calculated for M� 7.1 at 0.3 km from

the fault trace. The ground motion could come from a

detailed time-domain model; in this example it is calculated

from the generic factors described above. Fig. 7 shows a

comparison of the deterministic event with the seismic

hazard from Phase 2. The 100-year uniform hazard spec-

trum lies slightly below the median deterministic spectrum,

and the 475-year UHS lies close to the 84% deterministic

ground motion.

It is not surprising that the deterministic earthquake causes

median ground motions slightly above the 100-year UHS.

With a length of about 115 km, a slip rate of 9 mm/year on

all segments implies a recurrence interval of 42 years for

M . 6.5. Many of these events will occur away from the

site; in fact a M7 earthquake is only expected to rupture 50±

60 km of the fault. Thus M~6.5 events will occur near the site

with an annual rate of about 0.01, and M~7 events will occur

with a lower rate. If we are worried about surviving the `worst-

case' event, the 100-year UHS will correspond to a motion

slightly below the median motion for that event, but a longer

return period (i.e. 475 years) will be required to replicate the

84% ground motion.

If our seismic decision involves designing a structure (e.g.

a bridge) that will be in place for 50 years, the proper

approach would be to design it for the 475-year motion,

with the philosophy that it should survive a maximum earth-

quake (M� 7.1) that causes high ground motions because of

rupture propagation and directivity, with high con®dence

(84%). On the other hand, if we are retro®tting a structure

to a higher seismic level, and the remaining lifetime of the

structure is 20 years, we might accept the 100-year UHS as a

reasonable level, knowing that the worst-case event (with a

20% chance of occurrence in 20 years) would exceed this

level.

6. Conclusions

Deterministic and probabilistic seismic hazard analyses

should be complementary. The strength of one over the

other depends on the earthquake mitigation decisions to

be made, on the seismic environment, and on the scope

of the project. In general, more complex decisions and

subtler, detailed seismic environments strongly suggest the

probabilistic analysis, whereas simpler decisions and well-

understood seismicity and tectonics point toward determi-

nistic representations. This is not to say that one analysis

should be used to the exclusion of the other. In fact the most

insight will come from using both, allowing the probabilis-

tic analysis to guide the choice of deterministic events, and
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Fig. 5. Hazard contribution by source for 2 s spectral acceleration.
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Fig. 7. 100- and 475-year UHS compared to median and 84% deterministic spectrum.

Fig. 6. Magnitude-distance contribution to 2-s hazard at 0.5 g.



letting the deterministic events guide the re®nement of the

probabilistic analysis. In this way we will make more

informed decisions to reduce seismic risk.

References

[1] Abrahamson NA, Silva WJ. Empirical response spectral attenuation

relations for shallow crustal earthquakes. Seism Res Ltrs 1997;

68(1):94±109.

[2] Bazzuro P, Cornell CA. Disaggregation of seismic hazard. Bull Seism

Soc Am 1999;89(2):501±20.

[3] CDMG. Probabilistic seismic hazard assessment for the state of Cali-

fornia. Calif. Div. of Mines and Geology, Sacramento, Open-®le Rept.

96-08, 1996.

[4] McGuire RK. Probabilistic seismic hazard and design earthquakes:

closing the loop. Bull Seism Soc Am 1995;85(5):1275±84.

[5] Somerville PG, Smith NF, Graves RW, Abrahamson NA. Modi®cation

of empirical strong ground motion attenuation relations to include the

amplitude and duration effects of rupture directivity. Seism Res Ltrs

1997;68(1):199±222.

R.K. McGuire / Soil Dynamics and Earthquake Engineering 21 (2001) 377±384384


