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ABSTRACT

AFTERSHOCKS IN ENGINEERING SEISMIC
RISK ANALYSIS

by

HANS ARNOLD MERZ

Submitted to the Department of Civil Engineering on May 11, 1973
in partial fulfiliment of the requirements for the degree of
Master of Science.

This study deals with the role of aftershocks in seismic risk
analysis. The purpose of risk analysis is to assess the probabi~
1ity that the maximum seismic intensity experienced at a struc-
tural site in a Tlifetime of T years will exceed a units. It has
been noted in several historical events that certain sites Tocated
at some distance from the mainshock epicenter have experienced
more severe shaking during the temporally and spatially distributed
aftershock sequence than during the Targer mainshock itself; the
cause is apparently the closer proximity of a particular aftershock
to the site. This study evaluates this "additional aftershock
risk". The analysis of both main- and aftershocks accounts for
uncertainty in the times, locations and magnitudes of earthquakes
as well as uncertainty in the attenuation "laws" (correlations).
Mainshock occurrences are governed by a homogeneous Poisson process
in time whereas the temporal characteristics are represented as a
non-homogeneous Poisson process triggered by a mainshock and with
parameters depen¥ent on the mainshock magn1tude Aftershocks are
assumed to occur at random spatially in a region whose location
and extent depend upon the (random) mainshock location and size.

Analytical expressions for the risk are given for two cases

of -spatial-assumptions+—mainshocks—and aftershocks occur on a
"1ine" fault; and mainshocks occur on a line, but aftershocks may
‘occur in a surrounding areal region. Because the analytical ex-
pressions are complicated and difficult to evaluate, a method is
presented to determine an upper bound on the risk from both main-
and aftershocks. Numerical results (upper bounds) are given for
the simplest, first case and compared with a method that accounts
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only for mainshocks and a method that treats all earthquakes as
mainshocks. The preliminary conclusions are that the contribution
of aftershocks to the seismic risk are in general small for large
examined seismic intensities at the site (say, 0.1g or more),
especially when only mainshocks of moderate to small magnitudes
(7.0 or smaller) are anticipated in the future. However, it might
be significant in regions where mainshocks are usually followed by
a large number of aftershocks. In any case, risk analysis of both
main- and aftershocks is complicated and the simple method, which
accounts only for mainshocks, yields risk estimates adequate (but
underestimated) for engineering purposes.

Thesis Supervisor: C. AlTin Cornell

Title: Associate Professor of Civil Engineering
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CHAPTER 1

INTRODUCTION

The purpose of seismic risk analysis as defined in this study
is to assess the probability p; that the maximum peak seismic in-
tensity (e.g., maximum peak ground acceleration) experienéed at a
structural site will exceed y units (e.g., 0.2g) in a time period
T. éeiémic risk analysis has been studied by Corne11(]’2), by

(3) and others(4’6)

Esteva and apph‘ed(s’s’7> for several years.
Reported analyses account for uncertainty in the times, magnitudes
and locations of earthquake events in potential earthquake sources,
as well as for uncertainty in the attenuation "laws"™ (correlations)
which estimate the seismic intensity at a site as a function of the
~ distance from the earthquake 1ocat19n to the site. In several his-
torical events it has clearly been noted and often been presumed
that certain Tocalized sites located at some distance from the main-
shock epicenter have experienced a larger seismic intensity (e.qg.,
larger maximum peak ground acceleration) during the temporally and
spatially distributed aftershock sequence that usually follows a
mainshock than during the larger mainshock 1tse1f§16’17’18’19)

(These observations which are related to seismic intensities such

as peak ground acceleration, are entirely different from the frequent
observations that structures at certain sites have experienced more
severe damage during the aftershock sequence, because their struc-

tural resistances have been weakened during the mainshock.
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However, these two phenomenons might sometimes be interrelated and
hard to separate.) The underlying reasons for the potentially
larger intensities during the aftershock sequences are the closer
proximity of a particular aftershock to the site and possible dif-
ferences in the attenuation "laws" for different locations of the
epicenters, which in both cases can occur because aftershocks are
in general scattered around the mainshock epicenters (see Figures
1-1 and 1-2). These reasons are therefore not related to any par-
ticular structure. This study is aimed at incorporating these ob-
servations into seismic risk analysis, at evaluating the "additional
risk" and at determining under what conditions it might prove im-
portant (e.g., be of the same order as the risk due to mainshocks
alone).

In reported seismic risk analyses, the differences between
main- and aftershock sequences and the influence on the seismic risk
have either been'neg1ected or accounted for with simplistic assump-
tions. On one side, it has been proposed(6’7), that for the purpose
of seismic risk analysis it is appropriate to treat all earthquakes
as equivalent events and therefore not to distinguish between main-
and aftershocks ("equivalent event" model). Because the locations
of aftershock epicenters are not independent of the locations of
the causative mainshock epicenters, but generally occur only in a
limited region around it, this approach will always yield too con-
servative risk estimates._ On the other hand, it has been proposed(S)

that mainshocks alone contribute to the seismic risk and in
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establishing the rate of occurrence of earthquakes only (past)
mainshocks have to be considered ("mainshock” model). This is only
true if it is assumed that all aftershocks originate at the same
location as the mainshock. Because this strong dependence does not
hold, the risk obtained under this assumption will always be too
low, particularly for sites close to the potential earthquake
sources. Since, in general, 50% or more of all earthquakes with
magnitudes of engineering interest can be classified as after-
shocks(S), the risks will be approximately half or less of the ones
obtained under the former approach (the approximation being valid
for small risks (<0.1)). The "real" value of the risk will lie
somewhere in between these bounds. A comparison of approximate
results of a seismic risk analysis based upon the model proposed

in this paper and based upon the two traditional models will be
shown in an example in Chapter 4. —

In this analysis, the temporal characteristics oflaftershocks
are represented as a non-homogeneous Poisson process in time,
triggered by a mainshock and with parameters dependent on the
(random) mainshock magnitude. These and other functional relation-
ships and assumptions will be described in Chapter 2. In Chapter 3
the analytical models are derived, first, for a case where it is
assumed that both the main- and the aftershock epicenters lie on
the same (fault) line and, second, for a case where mainsﬁocks are
assumed to occur on a (fault) line but aftershocks in an areal

region around it. Because the analytical expressions of these
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models are very complicated and difficult to evaluate, a method to
calculate an upper bound on the seismic risk of main- and after-
shocks will be presented. The corresponding expressions are much
easier to evaluate and are still a significant improvement over the
present upper bound ("equivalent event" model). Results of this
method will be shown in the example in Chapter 4 for the case where

both the main- and the aftershocks lie on the same (fault) line.-
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CHAPTER 2

ASSUMPTIONS AND PARAMETERS OF
THE SEISMIC RISK MODEL

2.1 Temporal Characteristics of Main- and Aftershock Sequences

For the purpose of this study it is assumed that all earth-
quakes can be classified as either main- or aftershocks, although
this assumption does not always hold. When the seismic activity
in an area surrounding the epicenter of a major earthquake is con-
siderably increased after its occurrence, all shocks originating in
this activity are considered to be aftershocks of the major earth-

9,10) (15) have established more

quake (mainshock). Utsu( and others
sophisticated criteria and methods to distinguish between main- and
aftershocks, based upon the time history as well as the spatial dis-
tribﬁtion of earthquake sequences. Many seismologists (Omori,

(9’]0), Ak1(11), Yere Jones(]z’]S)

Utsu and others) have studied and
modeled earthquake sequences in time. In particular, it was found
that generally the temporal characteristics of earthquake sequences
cannot be described by a single Poisson (memoryless) process, but
rather by more general renewal or Markov processes. However, when
aftershocks are exctuded from observed earthquake sequences, a
Poisson process for the mainshock occurrences in time seems to be

a reasonable assumption(5’13a]5)

, especially for large shocks. For
engineering purposes the Poisson assumption has been considered

adequate for numerous reasons. Furthermore, even though it is not
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fully satisfactory, earthquake occurrences can be described in a
general way by a trigger model, where the conditional probability

of a shock (aftershock) occurring at a time t after a trigger event
(mainshock) is proportional to a decay function v(t).(13) In this
study, the time aspects of earthquake sequences are described by

such a trigger model where the temporal characteristics of the after-
shocks are represented as a non-homogeneous Poisson process in time,
triggered by a mainshock and with parameters such as the decay
function v(t), dependent on fhe mainshock magnitude. The occurrences
of mainshocks, the triggering events, in time are themselves gov-

erned by a homogeneous Poisson process in time (see Figure 2-1).

2.1.1 Parameters of the Mainshock Occurrence Model

The homogeneous Poisson process for the occurrence of main-
shocks is fully determined by the constant (time invariant) average
mean rate of occurrence, Vg of mainshocks. The mean rate gives
the average number of mainshocks with magnitudes Targer that a
Tower bound mg per time interval (e.g., per year). Usually it is
derived from the earthquake history of- the particular earthquake
source.™ Since for the calculation of Vi only mainshocks should
be considered, the separation of past earthquakes into main- and

aftershocks is a necessary prerequisite.

* An earthquake source is defined as a geographical region of
limited size, in which future earthquakes can potentially occur.
(e.g., fault Tine). The occurrence of an earthquake (i.e., its
epicenter) is associated with a single point in that source.
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2.1.2 Parameters of the Aftershock Occurrence Model:

Modified Omori Law

The non-homogeneous Poisson process, which has been assumed
for the occurrence of aftershocks during the time after a triggering
mainshock, is determined by the frequency function va(t), which
gives the eXpected number of aftershocks to occur at time t as a
function of the time t, elapsed since the occurrence of the main-

shock. By the modified Omori 1aw(9’]o)

, the number of aftershocks
per day with energy exceeding EQ (i.e., with magnitude above a

certain level) is given by
A
V()= 77 (1)

in which t is the elapsed time in days since the mainshock, and c

and p are regional constants. The parameter A is a constant for

(9)

any aftershock sequence and given by the formula

- {(B—b)/"/ﬂ/b)c Ea} bip
T 5g,

where E = Tower limit of shock energies considered,
corresponding to a lower limit on the
aftershock magnitudes mg.
T'(+) = gamma function

B = coefficient in the energy-magnitude relation
for earthquakes 1log E = o + BM where E is
the energy in a shock of magnitude M (see
Section 2.3).
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b = coefficient in the Gutenberg-Richter formula
(magnitude-frequency Taw) Tog n(M) = a - bM,
where n(M) is the number of shocks of magni-
tude M or larger (see Section 2.2).

E. = total energy of aftershucks in an aftershock
sequence, which can be related to the energy
of the mainshock E0 by Ea =r Eo‘

The values of the parameters ¢, p and r can vary considerably
according to observed aftershock sequences. In Japanese after-

(10)

shock sequences » p most frequently fell into the range between
1.0 and 1.5, ¢ was usually smaller than 2 days and r varied between
0.02 and 1.0. No significant correlations have been found between -
the parameters themselves or with the mainshock magnitude. The
obvious conclusion would be to treat these parameters as indepen-
dent random variables in the observed ranges. However, the ex-
pected number of aftershocks in a particular earthquake source in

a time period T is extremely sensitive to the values of these par-
ameters, especially to the value of p. Because in this analysis
the expected total number of aftershocks is more important than the
exact form of the frequency decay function, it is suggested that,
when possib]e,'c, p and r are adjusted in order to reflect the past
aftershock history of a particular earthquake source. Analytical
expressions for the expected number of aftershocks are given in

Appendix A. For reasons to be given later, the value p = 1.0 is

not permitted in this analysis.
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2.2 Magnitude-Frequency Law

The formula most widely used for representing the frequency
of -occurrence of -earthquakes as a function of -magnitude is the

Gutenberg-Richter formula.™
beg,, (M) =0 ~bM (3)

The parameter b or its base 10 counterpart 8 = b « In 10 = 2.302- b
is important in calculating the probability that given an earth-
quake occurs, ifs magnitude, M, will be}of a certain size. It has
been found(1o) that for both the main- and aftershock sequences

the Gutenberg-Richter formula applies individually, but the

" b-values are not necessarily the same for both sequencés. However,
it seems reasonable to assume in this analysis that the two b-values
are equal and in addition, time invariant. A typical value for
Southern California is b = 0.86 (5,10) for magnitudes between 3.0
and 8.0. In the following analysis, the magnitude-Frequency Taw

is truncéted at an upper bound on £he magnitudes. The upper -bound
implies that it is not reasonable to assume the possibility of

infinitely large magnitudes;.but that with each source'én upper

* Based upon observed data, Shlien and.Tok352(14) have recently
proposed a quadratic form of the magnitude-frequency law:

log n(M) = a, + byM - b, M
Using this quadratic form, rather than the Tinear Gutenberg-Richter
formula, the expressipns for the seisTgS risk due to mainshocks
have been derived by Merz and Cornell . These results can easily
be incorporated:into the following seismic risk analysis for main-

and aftershocks, but they significantly complicate the mathematical
expressions,
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bound on the magnitudes of mainshocks can be associated and that
aftershock magnitudes cannot exceed a certain level in any parti-
cular sequence. The lower bound either gives the magnitude below
which earthquakes are not of engineering importance, or serves as
reference magnitude to establish the rate of occurrence (e.g., the
rate of occurrence of mainshocks Vi has to be calculated for main-
shocks equal to or larger than a selected Tower bound on the main-
shock magnitude). If the examination of the seismic risk at a site
requires the consideration of magnitudes below the lower bound,
the analytical model accounts automatically for the necessary ad-
Jjustments in the rate of occurrence. ™

The magnitude-frequeﬁcy law used in this analysis takes,

therefore, the farm of

armg)-b(M-m,") m]<M<m,

v (4)
M>m_‘

fogm nmM) =

for mainshock§ sequences , where mq denotes the upper,baund and

mg the Tower bound on the mainshock magnitudes. For an aftershock
sequence, the upper bognd on the magnitudes is assumed to be the
(random) magnitude m of the triggering mainshock. Thus m, in

Eq. (4) has to be replaced by m- This assumption has proved valid

* For a more detailed discussion o% the meaning and the implications
. of the lower bou?d on the magnitudes in seismic risk analysis, see
Merz and Cornell 8),
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independent of the way of classifying main~ and aftershocks.(jo)
For a reason to be explained in Section 3.2.2.2.1, the lower bound

on the aftershock magnitudes mi has to be smaller than mg in this

analysis.

2.3 Magnitude-Energy Law

A relationship between the energy released in an earthquake
and its magnitude is required in the parameter A in Eq. (2) of the
modified Omori Taw. It is generally accepted that the energy-E of

an earthquake is related to the magnitude M by the following formula
&g, € =oc +BM (5)

Several values have been reported for the constants o and 8. In
this analysis only -8 is of-importance, since only the energy of
earthquakes relative to a.lower limit is needed. Gutenberg(23)

gives a value of g = 1.5.

2.4 Spatial Distribution of Earthquakes

2.4.1 Spatial Distribution of Mainshocks

For a seismic risk analysis it is necessary to have desig-
nated potential earthquake sources, i.e., regions in which earth-
quakes and, specifically, mainshocks are expected to occur in the
future. These sources can be lines (e.g., tectonic faults) or

areas, and are usually determined from the earthquake history and
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from geological considerations of a region. The Tikelihood of an
earthquake varies often from location to Tocation. In the following
analysis, however, it is assumed that mainshocks are equally likely
to occur anywhere in a designated earthquake source. If there are
indications against thé equal-likelihood model, it is relatively
easy to assign other relative values to each of the many -portions
into which a source has to be divided in this analysis and over

which the equally likely assumption is reasonable.

2.4.2 Spatial Distribution of Aftershocks

It has been recognized for a Tong timevthat aftershocks of
a particular mainshock do not originate at the same 1o§ation as the
mainshock jtself, but are scattered in a surrounding:region of a
Timited size. As the magnitude of the mainshock is increased, the

(9:10) ng

size of the aftershock region is also increased. Utsu
others have extensively investigated the correlation between the
size F of the aftershock region and the mainshock magnitude Mm’

and found that F and Mm can be connected by the following formula.

&g,,F =y +SMm | (6)

The shapes of the areas have been found to-be approxfmate]y elTlip-
tic. The values of the parameters y and §, found invfhe literature,
vary from author to author, and depend often on the way aftershocks
are separated from mainshocks. For Japanese earthquakes, Utsu(g’]o)

reports a value of y = 1.02 and 6 = 4.01, for F in square kilometers
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and magnitudes between 5.5 and 8.5. By approximating the ellip-
tical area by a ¢ircle, the linear dimension (diameter) D of the

area can be written as
I "’
= -+
9,0 = 1+ My (7)

For Utsu's values for y and § , y' = -1.8 and 8' = 0.5 for.D in
kilometers.

In the following analysis the relationships (6) and (7) will
be used with a single set of parameter values for the entire range
of mainshock magnitudes considered. For lower bounds on the main-
shock magnitudes bé]ow 5.5, this assumption neglects that Eq. (6)
gives considerably smaller areas for small magnitudes than actually
observed. However, it is possible to-account for different sets
of parameter values for different ranges of maghitudes, but it
complicates the analysis significantly. Furthefmore it is assumed
that it is equally likely for an aftershock to occur anywhere in
the determined area. If data or judgement should rule against the
equal-Tikelihood assumption and in favor of other relative values,
they can be included in the analysis, but again; it will complicate

the mathematical expressions.

2.5 Attenuation Law

The parameters discussed so far describe the model for the

occurrence of main- and aftershocks in time and space. Since the
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engineer's interest lies in the seismic intensity at particular
sites with various distances to the earthquake sources, it is
necessary to project the effects of a distant earthquake to the
site. The function of the attenuation "law" (correlation) is to
estimate the seismic intensity at a site (e.g,, maximum peak
ground acceleration) as a function of the event magnitude M and

the distance R from the site to the location of the earthquake

(epicenter or hypocenter). Kanai(zz), Esteva and Rosenb]ueth(zo)
have recommended the particular form
-b
Y =b,e4Mp-ts (8)

for peak ground acceleration (y = A), peak ground velocity (y = V)

and peak ground displacement (y = D). The latter authors suggest
that the constants {b;, b,, b3} be {2000, 0.8, 2.} ,

{16, 1.0, 1.7} and {7, 1.2, 1.6} for A, V and D respectively

in Southern California with A, V and D in units of centimeters and
seconds and R in kilometers. There have been discussions in recent
years about the accuracy of the above formula, especially for short
distances R (25 km and less). It is important to note that the
expressions for the seismic risk at a site remain valid, whether R
stands for epicentral or focal distance or any function thereof,

as long as the above formula is basically maintained. For instance,
Esteva's suggestion(Z]) to express the distance in the formula as

(R + 25), where R is the physical distance, can therefore easily

be incorporated. It is, however, extremely difficult to account
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for the proposed magnitude dependency of the parameters b], b2 and

b, in Eq. (8) for small distances.

3
Because Eq. (8) is, in fact, only a crude correlation with
important scatter of observed data around the predicted values, an

"error" term e is added to the former equation. Thus,

V=b R e ()

(3)

Esteva has found that In ¢ is approximately normally distributed

with mean zgro and standard deviation o (usually of the order 0.5
to 1.0). Since the seismic risk is obtained by analyzing many
small portions in which an earthquake source has to be divided, it
is also possible to account for a variation of the values of o
with the distance R.

In regions where the seismic history is available only in
terms of some intensity measure such as Modified Mercalli Intensity,
it is necessary for this model to trans]ate the intensity measures
into magnitudes, in order to make the different relationships
(attenuation law, Modified Omori law, spatial distribution law)

(23)

compatible in the dimensions. Gutenberg has proposed relation-

ships between MM-Intensities and magnitudes.
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CHAPTER 3

DERIVATION OF THE ANALYTICAL MODELS

3.1 General Formulas

The analysis of the seismic risk at a structural site involves
basically two steps: first, an analysis of the seismic iatensity
at the site, given an earthquake (main- or aftershock) occurs; and
second, an analysis of the random multiple occurrences of both
main- and aftershocks. Combining these two probabilistic analyses

yields the desired probability .p;

that at least one mainshock or
at least one aftershock occurs in a designated earthquake source™
in a specified time period T and produces a seismic intensity at
the site above a certain level y (e.g., maximum peak ground

acceleration > 0.2g). If the event {A} is defined as: "“At least

one mainshock occurs during T which produces y and

site > Y

event {B} as: "At least one aftershock occurs during T which

produces y >y," the desired probability p; can be expressed

site
as the probability that event {A} or {B} or both {A} and {B} occur

,oyT =P[AUB] (10)

which can be expanded to

by = P[A]+P[B]-P[AHB] (1)

* See footnote on p. 19 for the definition of an earthquake source.
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Because event {B} can only occur if at least one mainshock occurs

during T, it may be written as

PLB] = P[BNC] 2)

where event {C} is defined as: "At Teast one mainshock occurs -
during T." (Note that the event C contains the event A.) By
expanding event {C} , P[B] takes the form of

PIB]=PIBNC] = > PLBN(tyr einshocks]

Nt
=) FIBI(*5Y ereoes]

Pl &%@Z%m?“@] (13)

Analogously, P[ANB] can be expressed as

PIANB] =y PlBA(%Sgs Vusieats]

n=7 cuse Yeite 7y
oo .
> Pl e )]

Py cuwuz')&q?:ty
Pl e A m”’-‘/’”"‘)] (14)

occur 17 T which all
cuuu%>5a5@;>3,

Mainshocks are assumed to occur in time according to a homogeneous

Poisson process. The probability P[A] can therefore be written as

PlA] = 1-exp{- E[nm] ]} as)
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where E[nm;] denotes the expected number of mainshocks in T which
produce a seismic intensity at the site in excess of y
(exp{—E[nm;]} is the probability that no such mainshock eccurs in

T). Thus

py = 1-empf-Elnm]l}+ > PIBI(EY 4757

=f .
Pl(*cr a7 )]

o0
- § PlBH T i)

o Quse _y&'& >y

1 )
exactly n mainshocks
P .}I /
[(ocm&g};gyauj (16)

Because mainshocks, and therefore also the individual aftershock
sequences, are assumed to be independent events, the probability

P[B/( exactly n ma/hsbocks)]

OCCuT Qluring T can be expressed as a function

of the probability FP[B /( e"é’f},‘};f&'ﬁ,,ﬁ;";f’ ShOCk)J ~, namely

, , n
PLB/ (oot dumg TN -1-(1-PIBI gy 57 07)

. 3 n
where [_’l-P[B/(exo‘égfg %;zr;n;_n:hock)]) is the probability that

no aftershock of the n (independent) aftershock sequences produces

Yeite = V- Analogously, the probability P[B/(ggggﬁ%';%ghﬁa/}t y
site cause Vg >y

can be written as a function of the probability

PLB/ (84208 BeadSek s50r )]
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PLBI(SE5 R =1 (1- P[B/(qug%m;;ﬁ“k)]) (8)
QUSE Vet P

The probability that exactly n mainshocks occur during the time

period T is given by (Poisson process)

(E[anJ)n e—E[nﬁ? J
n!

(19)

where E[an] denotes the expected number of mainshocks in T.
Analogously, the probability that exact1y n mainshocks occur in T

and cause y >y, is given by

Elnmy ]

site

/E[ mI])" e
_ 7

(20)

By multiplying Eq. (17) by Eq. (19), respectively Eq:. (18) by
Eq. (20), and carrying out the summations, the results for P[B]
and P[ANB] are

PLB] =) PLBISEY Zy # - FICS a9

- 1-exof-E[nm ] PIBI( %L, ‘;”,i,,;”;’r”“"‘*/ I}

!

(21)
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PIANB] = ZP[ 5/(52(?%7"7’?3’22 Pl )]

QU Yorte cause Yoy 7Yy
= 1-expf-Elnm]]-FIB/(> e::ru?:;:;;&:%m/]
(22)

Thus

B’T = 1-exp {— E[nm_y]} Exp { ELnm T/
PLBI( og:m";"”’“*lﬂ

+eXID[ E[nm]]P[B/ urs //7 7' w/)/d; ZZ} (23

In order to keep the analytical eXpressions for the various terms
tractable, it is necessary to break an earthquake source up into
many individual "point" sources, for which fixed distances to the
site can be assumed. These point-by-point calculations have the
additional advantage that different parameter values for the
functional relationships described in the previous chapter can be
used for different portions of an earthquake source. Criteria for
the choice of the size of these "point" sources will be given
below. |

In the following, the analytical expressions for p; will be
derived for a "line-line" occurrence model (Section 3.2) and a

"line-area" model (Section 3.3). It can easily be seen that the
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numerical evaluation of these expressions is extremely complicated,
even for automated computation. However, it is comparatively easy
to deriQe and evaluate the analytical expressions for an upper
bound on the value of.p;. In this chapter, the expressions will

be given for both the "exact" risk p; and for the upper bound on

p;. Unfortunately, this upper bound.can in some cases; especially
for small seismic intensities examined, be a very conservative
estimate of the "exact" value of p;. Nevertheless, it is a sig-
nificant improvement over the present estimates of the contribution
of aftershocks to the seismic risk, and still.shows the influence
of thé most important parameters. This will be demonstrated in

an example in Chapter 4.

3.2 Seismic Risk Analysis of:a "Line-Line" Occurrence Model

The "Tine-Tine" occurrence model is def{ned by the assumption
that both the mainshock and the aftershock epicenters lie on the
same fault Tine, i.e., that an earthquake source can be reduced

to a line. This assumption clearly contradicts the observed two-
dimensional scattering of aftershock épicenters around the main-.
shock epicenters, that was discussed in Section 2.4.2. However,
it is the simplest model that retains the spatial distribution of
aftershocks and it simplifies the analytical expressions, es-
pecially those for the estimate of an upper'bound on the risk. A
typical fault-site configuration of this model and a typical main-

shock with its aftershocks are shown in Figure 3-1. As mentioned
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above, this "line source" will be represented in this analysis as

a set of many "point" sources (see Figure 3-2).

3.2.1 Special Assumptions

With the exception of the spatial distribution Taw for
aftershock epicenters (Eq. (6), Section 2.4.2), all the assumptions
and parameter relationships of the previous chapter can be used
without modifications in this model. Because of the assumption
that the afteréhock epicenters T1ie all on the fault line, rather
than being scattered in an areal region around the mainshock epi-
centers, the spatial distribution law has to be written in a dif-
ferent form. Eq. (7) in Section 2.4.2 gives the linear dimension D
(diameter) of the aftershock area as a function of the mainshock
magnitude. It seems reasonable to use this relationship of the |

form
b5, 0= 1"+ My, (24)

as the spatial distribution law in the "line-Tine" model. 1In
addition, it is assumed that in general (exceptions will be given
below), the linear aftershock region D extends D/2 on both sides
of the mainshock epicenter. This implies that a mainshock with
magnitude Mm can potentially produce an aftershock in a "point"
source on the fault if it occurs within a region of D(Mm)/z on

either side of the "point" source. \
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Typecol Mainshodk Epiaenter
ypical Aftershook Lpicenters
L,;,Iﬂ/ —o-0—ov—e
— v,
Fault Lne /ﬁ Y
(Source of future Aftershock Area O(Myp)

Ebrﬁﬂrﬁakas)
X Site

Figure 3-1 Typical Fault-Site Configuration with a Typical
Mainshock and its Aftershocks ("Line-Line" Model)

Fault Length L

L

]

Fau't{ l/'l;e 7

Figure 3-2 Point-by-Point Analysis of the Seismic Risk
("Line-Line" Model) '
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3.2.2 Derivation of the Analytical Expressions

3.2.2.1 Mainshock Analysis: Calculation of P[A]

Given a mainshock occurs in a "point" source (see Figure
3-2) with distance R to the site, the probability Eﬁ that the ‘
seismic intensity at the site will exceed y is given by (Corne11(1),

formula (13))*

PlYe >y] = Bin = (1= k) $(50) + by §(3-P%,)
Bopet; _fml 5P/l P
ePO 26 eﬁ /?ﬁb"/é?(y/b,)ﬁb"

(25)
where B=b + 1n 10 = constant of the magnitude
frequency Taw (Section 2.2)
bys by» bgs o are the constants in the '
attenuation law (Section 2.5)
B(my-m))"
km = (1-€ | (26)
My mg are an upper and Tower bound on

the mainshock magnitude (Section 2.2)

* A formula for the same probability using a quadratic instead of
a linear magnitude-frequency law, as proposed by Shlien and
Toks8z(14), has been derived by Merz and Cornell(S). In addition,
it is shown there .that it is possible to use a partly linear,
partly quadratic magnitude-frequency law.
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z=(ny-th (b, e%™R%s) (27)

@*(+) = complementary cumulative distribution
function of the standardized Gaussian
distribution.

If Vi denotes the mean number of mainshock events per year with

magnitudes larger than a lower bound~m2 occurring on the entire
P9

fault of length L, then the expected humber of events in T years

E[an] is given by

ElrmT]=v,T (28)

If it is equally likely for a mainshock to occur anywhere on the
fault line, the expected number of events with magnitudes larger
than mg occurring in the "point" source of length A2 during T years
is given by

VT4 = Elnm’] 2% (29)

Therefore, the expected number of mainshocks in AR during T years

producing a seismic intensity at the site in excess of y is

E[nm "]‘L‘_f P (30)
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Thus, the total expected number of -mainshocks E[nm;] on the fault

during T years, which produce y > Yy, can be written as

site

E[nm 2y ] = E[nm']Z Ag/om | (31)

all af
orn foult

And, finally,

PIA]=1- EX,O{ TZ ]  (32)

all af
on foult

3.2.2.2 Aftershock Analyses

3.2.2.2.1 Calculation of P[B]

In order to give the expression for P[B], the proba-
bility P[B/(exacé( °”5n,§”°’”"’“k)] “has to be calculated
(see Eq. (21)). Given the mainshock in question occurs at timé-
t' to t' + dt' during T in a particular “point" source of AL and
has a magnitude between mm and mm + dmm; the total expected number
of aftershocks, E[nal, witH magnitddes larger than a lower: bound
mg during t' and T-(T ahd t' in years) is given through the modi-

fied Omori Taw (Section 2.1.2) as _ 3

Efne] /v (5(E-£)F5 b /365&, o )stgaz"

-A—[C%S(T é)*c}"’°— f_’7 OCt<T (33)
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where A is given by Eq. (2) in Section 2.1.2. The factor 365 is

the average number of days per year and is necessary because the
modified Omori law gives the aftershock frequency per day. C]ear1y,
~Eq. (33) is valid only for p # 1.

The size of the aftershock region D(mm) is given by the spatial-
distribution law (Eq. (?4)). If this region is divided into inter-
vals.-of -lengths ALs s for which fixed distances to the site can be
assumed, the expected number of aftershocks in any particular |
interval is, with the equally likely assumption for the location

of aftershocks

Elnaj 45 (s4)

a

Ffom-these aftershocks of magnitudes above M, only a fraction will

produce a seismic intensity at-the site in excess of y, namely

E[na]( )','4'5‘z B e

where 51 is the probabi]ity that, given an aftershock occurs in
Azi, the seismic intensity at the site will exceed y. The proba-

bility Bi is analogous to Eq. (25) given by

P[Yee >y ] =34 = (ki )G (30)* iy §° (10 ~Fr0VE)
ﬂ%/zbf Am2 /\37053/62 ( y/h /b )/3/62

(36)
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where M, is the upper bound on the aftershock
magnitude which is equal to the
magnitude of the causative mainshock
(Section 2.2)

mg is the Tower bound on the aftershock

. 0
magnitude (ma < mg for reasons to

be given later)

kmm': (1 _ e_ﬁ(mm_mom})'l (37)

z=ly-&(h e R%) )

and the other parameters are equal to the
ones described in Eq. (25).
Analogous to the step from Eq. (30) to Eq. (31) in the main-
shock analysis, the total expected number of aftershocks during
t' to T which produce Yeite > V> due to a mainshock of magnitude

S at time t' in the "point" source A%, can be written as

Q8 -/
Elna] ) oty Pa )
all a€; in D(mm)
Ground &€
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Thus, the probability that at Teast one aftershock occurs during

t' to T and causes y_... > ¥, given a mainshock of magnitude m

occurs at time t' in “point'source A%, is (Poisson process}

T Al i
> B Pf
all 26, 12 Drm) '

araunol A€
The probability that the mainshock occurs in the "point" source
A% is-given by A2/L (see Eq. 29). Because, g?ven one occurs, it
is equally Tikely for a mainshock to occur at any time during T,
the probability that it occurs dur1n§ t' to t' + dt' is simply
dt'/T. The truncated magnitude-frequency law for mainshocks

(Eq. (4), Section 2.3) implies a probability density function over

the magnitudes of -

- 3 -mg) . -
bmBE™ ) ey <,

'é’m(mm)'“' o - m, ;7/7?1-(4”

where

p'=b57.70 o (42)
| ey e
hon= fz-eﬁfm’ e )) | (43)

Now, the probability that at least one aftershock occurs during t'

to T and causes y >y, due to a mainshock at t' to t' + dt' in

site
a "point" source of Tength Af-and of magnitude between m and

m. + dmm, can-be given by
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[ l—ex,o[.—-_E[na] ZD/m 5 A } afdf -ﬁ/ /dm,,,

U 26 in D
gmuga;n af ") (44)
In order to account for all possible times t', and all pos-
sible mainshock magnitudes m, as well as all possible locations
A%, Eq. (44) has to be integrated over t' fromt' =0 to t' =T
i m — 1
and over . from m. = My to My = M and finally summed over all
A% on the fault line. Thus,

7 m,
one mai = E; € >
/%[23/(f32£§%%s.aszzéz”%x%ZZ" ‘j(;/,—i%_'?g' V77 /3

all o€ an m
fault 0 My

€§7§Yhzn-nq;7Q[2'—-éax%D{i' -f?t-{qfﬂéf;farLf' "
C),-P‘CM]ZN );Oa} dm, b’

& o6 in D)
c:zragd Y4 % (45)

where k_is givén by Eq. (26)

is given by Eq. (36)
A is given by Eq. (2)

D(mm) is given by Eq. (24)

The expression for P[B] is therefore (see Eq. (21) and (28))
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PlB ] 1- ex,o[ E[ nmIPIB( %8k ]}

T m,

=1- eXP Z//"ev k,,,,pe/e(’"'m")l

of 6€on o m”
fault

.[Z—éxp {— %.[(355(7_{)%) 1-p

The 1ntégration over the mainshock magnitudes from mg to m,
implies that only aftershock sequences of mainshocks wfth magni-
tudes between these limits are consideréd; However, the lower
Timit mg can be chosen arbitrari]y, as long as at the same tihe

a m

the condition ms < My is satisfied. The necessary adjustments in

the other parameters are carried out automatica]]y.* The reason

* If the lower bound is changed from m® to mm » on one hand the
mean rate of occurrence vy, has to be cﬁanged by a factor

B = ')

and on the other hand, the probability density function over the
magnitudes changes by a factor of

e“é;(\.‘mrg - mrgl)

Thus, the two factors cancel. . See Merz and Cornel

1.(8)
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a

for the condition m_ < mg is that Eq. (36) for 51 and the under-

m *
o

lying parameter relationships are not valid for the case mg =m
However, the difference between mz and mg can be small, say 0.1
magnitudes.

A special situation arises for "point" sources located near
:the end of the fault 1line where the distance from the "point"
source to the end of the fault line is smaller than D(mm)/Z; where
D(mm) is the potential aftershock region associated with a main-
shock of magnitude m In this case, the assumptions that all
aftershock epicenters lie on the fault 1ine and that the region of -
potential aftershock epicenters extends D(mm)/2 on either side of
the mainshock epicenter are no longer compatible. This problem
emerges essentially from the problem of defining the beginning or
the end of a fault-line, and, at this time, there is no way of
solving it completely and satisfactorily. In any case, either one
of the two assumptions has to be given up. For instance, it is
possible to maintain the size of the aftershock region but allow
near the end of the fault-line that the mainshock epicenters are
no longer the center of the region. This approach implies a con-
centration of aftershocks in the end regions of a fault-line. 1In

cases where the site lies close to one of the defined endpoints of

the fault and the concentration of the aftershocks near the end-

* For m§ = ml the factor kp. (Eq. (37)) in the cumulative distri-
bution function of the aftershock magnitudes goes to infinity. The
reason is that in this case the magnitude-frequency law of the form
logio n = a - bm? is not valid, but is reduced to a single point.
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points is believed to be wrong, it--is suggested that the equally
llike1y assumption for the location of the mainshocks along the
fault (Section 2.4.1) be abolished and the end of a fault line be
defined by a diminishing probability of mainshock occurrences 1n.
this region. With this method, a fault line can theoretically be
extended to infinity and Eq. (46) for P[B] can be applied without
changes. “ |

Under the equally 1ikely assumption for the occurrence of .

méinshocks on the fault, it is a necessary condition that the
length L of a fault line is equal or larger than the linear dimen-
sion of the aftershock region for the Targest possible mainshock

(magni tude m])

5719(74+<5?zy)

L> 0[071):6 (47)

.This condition reflects the statement by seismologists that the
length of a fault is correlated with the maximum size of the

earthquake magnitudes.

3.2.2.2.2 Calculation of P[ANB]

In order to give the expression for P[ANB], the proba-
bility /D[B/ %aﬁfé%g”ig'z,‘}’}e’é/’%,iﬁeoicj,”s)] has to be calculated.
The knowledge that the mainshock in question caused Ysite > ¥
changes only the probability density function (p.d.f.) over the
mainshock magnitudes in each of the individual "point" sources A%,

- because the Targer the distance R from the mainshock location to
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the site, the more likely it is now that a mainshock of a larger.
magnitude occurred. In contrast-to Sections 3.2.2.1 and 3.2.2.2.1,
where the same p.d.f. over the mainshock magnitude (Eq, (41)) has
been applied to all the "point" sources, now, each of these "point"
sources has its individual p.d.f. Thus, once the expressioﬁ for

the new p.d.f.'s has been found, the expression for

/cvf exacfg/ ane manspock azxn:i)

E?/(/? 7 ond aauses Y. >Y _

is obtained from P[B/ﬂ%iﬁ‘g Zf,f,,;a?moc’&)] (Eq. (45))
by simply replacing the p.d.f. over the mainshock magnitudes.

Given the mainshock which produced y > y occurs in a

site
particular "point" source with distance R to the site, the proba-
bility that its magnitude lay between m_ and m -+ dm_ can. be

' writtenfwith’Bayes' Theorem as -

Pltee>y [l & MSirtclmy)]
;%(SGﬂ?;>>£] ,
P, < My Sy ahg, ] (48)

Plm,, < My </77,,2?" o’m,,,/ Yoiey ] -

Where P[mméM,,,\<mm+a’m ]=kKn, /36 # m’” G é/m,,,

(see Eq.  (41)). (49)

f:?iyaﬁf:i>(7:==/ziﬂ

(see Eq. (25)) (50)

With the attenuation law (Eq. (9)), it can be shown that
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Ai>Y [y < My iy 0, )] = Pl € > (Ery ~

06,62 R5)] = 3'(%/o) (51)

where R = -distance from "point" source to the site
bom  =b _
z'=Tny- In(by e Zmp 3, (52)
d%(+) = complementary cumulative distribution

function of the standardized Gaussian
distribution

Thﬁs, the new p.d.f. over the mainshock magnitude in a “point"

source with distance R to the site can be written as

‘g;a?gi/él) A? /9 -Vaﬁh%” ")

Pr

Replacing the "old" p.d.f. (Eq. (41)) ih Eq. (45) By the “hew"
p.d.f. (Eq. (53)) yields

P[B/( exactly onemaméoaéocr:asz]_ /Ag / f(z/)

h T and couses e >N

all o€ in
arounet af
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where z' is given by Eq. (52)

p_ is given by Eq. (25)
k is given by Eq. (26)
A is given by Eq. (2)

D(mm) is given by Eq. (24)

p, is given by Eq. (36)

The expression for P[A[]B] is therefore (see Eq. (22) and (31))

PIAN 5] 1- exp [ ELnm,]P[B)(= c;gff;;n“}'-’%’n‘;;”;’fjfg)]}

- -epl-[S En] 3 | E

0 m)”

é(-z—@k o m’”'m’)[f eXp [(365[7 )

c)’7° 470]2 ,,7)/5%E ]dm a’z‘}

alaq‘ " 2(”)/;7_)

(55)

The same remarks with respééf to "point" sources located near the

end of the fault 1ine and to the condition mg > mg, and with

respect to the maximum magnitude and the length of the fault Tine,

made at the end of Section 3.2.2.2.1 apply here as well.

'3.2.2.3 Main- and Aftershock Analysis of the "Line-Line®™ Model

3.2.2.3.1 Exact Solution for p;

With the expressions for P[A] (Eq. (32)), P[B] (Eq. (46))
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and P[Aﬂ B] (Eq. (55)), the desired probabi]ityvp;, that at least
one mainshock or at least one aftershock occurs in T years and

causes a seismic intensity at the site in excess of y, can now be

given as

P = PL[A]+P[B] -Fl[ANB]

- 1 -expf-u,T —‘f—/b;,,}

all &2 o
faull

7 my,

—ex,o{ Z//TA' /””"" =)

a(la(mom"’
[1-expf-; [(365/7- £)+c)"-c "]
1525?)/‘%1/2 C#Zh, cﬁfJ/z

ammd ol

(gl [

a[(d(ano m

b €07 1-exp | 75 [Bsstr¢)

)" c 4722(,0 ) A j] am, ot ]

all &g m
aruncf &€

(56)
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where p., is given by Eq. (25)
P, 1s given by Eq. (36)
k is given by Eq. (26)
m, : /
A is given by Eq. (2)
D(mm) is given by Eq. (24)
is given by Eq. (38)

@*(+) = complementary cumulative distribution
function of the standardized Gaussian
distribution

Eq. (56) gives the probability that at least one main- or after-

“shock produces a maximum peak seismic intensity in excess of y

in T years. For small risks (say p; < 0.1) an "average annual"

probabi ity p; can be obtained by dividing p; by T

7
pi~E= e
So far, nothing has been said about criteria for the choice
of the size A% of the individual "point" sources. Unlike the
"1ine-area" model to follow, the lengths A% are governed only by
the assumption of fixed distances to the site. If, for instance,
the parameter b, in the attenuation "law" (Eq. (8), Section 2.5)
is 2.8, a variation of the distance R by 5% will cﬁange the risks
by approximately 10%. A reasonable vyle for the determination of
A% is that the distance should not vary more than 1% when going

from one endpoint of the "point" source to the other, for "point"
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sources near the site, and not more than 2 to 5% for moreidistant
“point" sources.

Because the double integral over the time and mainshock epi-
centers can neither be separated nor solved analytically, it has t»
be evaluated numerically. In addition, the values of P[B] and
P[ANB] can be very close in many cases, which requires precision
in evaluating the terms. The numerical evaluation of Eq. (56) for
p; is therefore very complicated and time consuming. In the

following section a method to calculate an upper bound on p; will

be presented.

3.2.2.3.2 Calculation of an Upper Bound on p;

Compared with the computations necessary to obtain the
"exact" value of p; from Eq. (56) in the previous section, it is
relatively easy to calculate an upper bound on p;, which is still
a significant improvement over the present upper bound ("equivalent
event" model, see Chapter 1).
An upper bound on p; is obtained if in the equation of p;
(Eq. (11), Section 3.1)

py = P[A]+PLB]-FP[ANB]

the term P[ANB] is omitted and if P[B] (Eq. (46)) is approximatec

by

PB]= 1 -exp[-E[na/ ]} (53)
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where E[na;] is the total expected number of aftershocks in T years
which produce a seismic intensity at the site in excess of y. De-
tails abodt this approximation are given at the end of this section.
With Eq. (58) it is assumed that aftershocks are marginally governed
by a Poisson process. Especially for sma11 values of y, this is a
very bad assumption, because the aftershocks cannot be considered

as totally independent of each other at these low levels of y. For
higher values of y, however, the Poisson assumption becomes more
reasonable. As it will be shown in the following, this approxima-
tion greatly simplifies the analytica1'expressions and their nu-
merical evaluation.

The expected number E[na;] can be written as (see also Eq. (19)

(20), (21))

E[ na) ] = Z(E[”m e , /7 E/F?a /(mcf.s o nanstec]

Elna]] = Elrm ] Efne] (S5 Z75 7T 0

where E[an] is defined as the total expected number of mainshocks

with magnitudes above mg and giveh by Eq. (28). (Section 3.2.2.1) as

E(nmT] =V, T (60)

Given a mainshock of magnitude between m and m +»dmm occurs at

time t' to t' +dt' (0 < t' < T), the expected number of aftershocks
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E[na] with magnitudes in excess of mg is given by Eq. (33) (Section

3.2.2.2.1) as
E[na] =if?[(3’65(7—f’)+c)’7°— ) (61)

The probability that the mainshock occurs "at t" and has "a mag-

nitude mm" can be taken from Eq. (44) (Section 3.2.2.2.1) as

7

/ = Blmm-Ms,
-%km ﬁe/g 7 20’/77,,, (62)

As mentioned at the end of Section 3.2.7, a mainshock of magnitude
m. can potentially produce aftershocks in a'particular "point"
source of length A%, only if it occurs within a region of D(mm)/2
on either side of the "point" source. Thus, the probability Pag
that, given an aftershock occurs, it lies in a particular "point"
source can be expressed as the probability that the mainshock
occurs within D(mm) around the "point" source times the probability
that the aftershock, which can occur anywhere in the region D(mm):

occurs in the "point" source A%. With the equally 1likely assumption

on the location of mainshocks and aftershocks, Pag Can be written as
=D/ﬂ?/)7) d€ - af (63)
PRt =" Dmm)~ L

Given that an aftershock occurs in a particular "point" source, the
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probability 5; that it will produce a seismic intensity at the site

in excess of y is given by Eq. (36) (Section 3.2.2.1) as

5 = (1-k, ) B(36) + by, 3 (Be-F,)
e /'3'262/?@2 e/é-m: R-f@-bs/bz ( v, /b; )-/E/é

(64)

Thus, the expected number of aftershocks during t' to T in a par-

ticular "point" source, that produce y >y, due to a mainshock

site
of "magnitude mm” at time t', is the product of Eqs. (61) through

(64)
—_ ! = -_?’ nf‘ﬂq;”
E[na]f—e,oa i;km,/ie’a T e, e

In order to get the total expected number of afteréhocks which

cause y >y, given a mainshock occurs in T, Eq. (65) has to

site
be integrated over t' (fromt' = 0 to t' = T) and over m (from

mh * to m]) and summed over a]]“"point sources on the fault-line

0

Elna; | e’é‘ééi‘xs%%";@ 97 = > A€ 7 ﬁ
all A€ on
fault

// —/M”m & —[Z365(7— f)+C)7D ]0/07 dt’ (e6)

The integration over the time t' can be carried out, y1e1d1ng

* See comments on page 45.
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E[ N Oyr/ exacv.‘ls ly one lzrvv)ga/n.rﬁock) ] ; 7_ oy

(365T+C) P to / B (17m -5
[z Zy /¢ -]/%Ae Aty (67)
After Eq. (2) in Section 2. ] 2

4 [(ﬂ—b}/’(ﬂ/éy)cé }‘49

b
By using the relationships
/-5:56710 n 10+, BER10
oxern
E=rk=re "

£= €

from Chapter 2, the expression of A can be transformed into

A - { (Ben10-E) (P95 )cr}'&/(”m Gtrrm =77
8

— ki'é?/g(zxkh"’7%a)

(68)

The integral over the magnitude in Eq. (67) can now be written as

//o Ae/@/mm ) Aeﬁﬁ'ﬂo moa/p_ am, (69)
m” "

Using Eq. (64) for Eé and Eq. (60) for E[an], E[na;] is given by
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- (3657 +c)7-c%
Elnay/ Q,ZV k”’/e'/,o 365(2-p)
“oait””

717 o B(m-7%, é/{ _kn )?E’(i"/o)a’mm
FE )lad b’(y/ﬁ) % (o6 /éa)d’m }

where A is given by Eq. (68)

k_dis given by Eq. (26)

k_is given by Eq. (37)

Z s given by Eq. (38)
T(+) = Gamma Function

@*(+) = complementary cumulative distribution function
of the standardized Gaussian distribution

This expression is relatively easy to evaluate, and the corres-
poriding computer program is available.
The upper bound on p; can now be expressed as the sum-of P[A]

given by Eq. (32) plus the estimate of P[B] given by Eq. (58)

where E[nm;] is given by Eq. (31) (Section 3.2.2.1) and E[na;]
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by Eq. (70).
A comparison of (1 - exp{—E[na;]} with the exact expression
of P[B] (Eq. (46), Section 3.2.2.2.1) reveals that in the calcu-

lation of B;’ the following term in Eq. (46)

7- ex,o{ ]Zﬂmm)

dﬁd!/o

has been approximated by

all o 'n
aramat 88
and the two summations Z( ) and Z( have been
a((dew
/ﬂ .ﬁ’lﬂm)

interchanged.
It can now clearly be seen from the approximation that for
small values of y (i.e., large values of Eg )» the upper bound
method yields very conservative estimates of the contribution of
aftershocks to the seismic risk. However, it will be shown in the
example of Chapter 4 that for values of y of engineering interest
(say, maximum peak ground accelerations > 0.1g) the upper bound
p; is considerably smaller than the present estimate of an upper
bound ("equivalent event" model). Unfortunately, it is not possible
to assess the degree of over-estimation implicit in pT without

-~

actually calculating the exact value of p;.
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3.3 Seismic Risk Analysis of a "Line-Area" Occurrence Model

The "line-area" occurrence model is defined by the assumptions
that the mainshock epicenters 1lie on a fault 1ine, whereas the
aftershock epicenters are scattered in a limited area around the
mainshock epicenters. The model is clearly more realistic than the
"Tine-Tine" model, but, on the other hand, the evaluations of the
ana]ytica] expressions become considerably more complicated and time
consuming, even for the calculation of an upper bound on the risk.
For the latter reason, this model has not yet been applied to an
example.

A typical fault-site configuration of the "line-area" model
with a typical mainshock and its aftershocks is shown in Figure 3-3.
In the analysis, the fault line will be represented as a set of
many (Tinear) ”point“ sources, the total potential aftershock area
as a set of many (areal) "point" sources, for all of which fixed
distances to the site and in the case of areal "point" sources also
fixed perpendicular distances to the fault line can be calculated

(see Figure 3-4).

3.3.1 Special -Assumptions

Basically, all assumptions and parameter relationships which
were discussed in Chaptér 2 can be used in this model. However,
more detailed assumptions are necessary for the spatial distribution
law of aftershocks. In order to avoid undue geometrical complica-
tions while still capturing the basic characteristics of the areal

model, the aftershock area is approximated by a circle with a
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Figure 3-3 Typical Fault-Site Configuration with Typical
' Mainshock and its Aftershocks ("Line-Area" Model)
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Figure 3-4 Point-by-Point Analysis of the Seismic Risk
("Line-Area" Model)
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mainshock epicenter as its center and the diameter D related to
the mainshock magnitude Mm by the following formula (see Section

2.4.2)

log, D= y'+6 My 72)

Therefore, with F = w/4D?, the relation between the aftershock

area F(mm) and the mainshock magnitude M can be written as

(@9{0 F//%)=V+d/‘7m (73)

It is furthermore assumed that aftershocks of a particular main-
shock are equally likely to occur anywhere within the determined

area F.

3.3.2 Derivation of the Analytical Expressions

3.3.2.1 Main- and Aftershock Analyses of the “"Line-Area" Model

3.3.2.1.1T Exact Solution for p;

The only difference between the "line-line" and the
“"Tine-area" model is the spatial distribution of aftershocks.
The analytical expressions for the probability p;, that during T
years at least one mainshock occurs on the fault and produces
Yoite > Y Or at least one aftershock occurs in the total potential
aftershock area (see Figure 3-4) and produces Ysita >y, can there-
fore easily be derived from the analytical expressions for p; of

the "line-Tine" model.
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Given a mainshock of "magnitude mm" oceurred at "time t'" in
one of the (linear) "point" sources, in which the fault line has
been divided, the probability that at least one aftershock occurs
during t' to T in any one of the (areal) "point" sources by which
the aftershock region F(mm) is approximated, and causes Yeite ~ ¥
is analogous to Eq. (40) (Section 3.2.2.2.1)

1-exp [— E[na]Z %) ﬁa"} (74)

all 4f; in Fmm)
around &€

where Af, denotes the area of the (areal) "point" source i, E[na]
the expected number of aftershocks during t' to T due to a main-
shock of "magnitude m at time t'" (see Eq. (33)), and ﬁg the

probability that, givgn an aftershock occurs in "point" source i,

it will cause y >y (see Eq. (36)). The analytical expression

site
for p; is now obtained by simply replacing Eq. (40) in the final

expression (Eq. (56)) of the "Tine-line" model by Eq. (74). Thus
A= PlA]+PL[B]- P[AnB]

- 1-ep(-uT ) T f

adaean

—exp[ Z// AB Vykon, B vl mo)[/

Aemamm

{— 2 [estr £)ec) 7]
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> o il ot

L A “
- _ e (26)
repl-[. ) Epnl) /m/ 2y, £,
_ Foull °
" 1-ep (A 354 ) I
C”P]%_‘ﬁf—;m ) /55/ } 7N '} (75)

all of; thFlitm )

where Bﬁ is given by Eq. (25), Section 3.2.2.1
ﬁé is given by Eq. (36), Section 3.2.2.2.1
km1 is given by Eq. (26), Section 3.2.2.1
A is given by Eq. (2) , Section 2.1.2
F(mm) is given by Eq. (73)
z' is given by Eq, (38), Section 3.2.2.2.2
@*(+) = complementary cumulative distribution function
of the standardized Gaussian distribution
For small risks (say, p; < 0.1) an "average" annual probability

p; can be obtained by dividing p; by T

7 ,
) ~ & 4 )

As was the case in the "line-line" model (see Section 3.2.2.2.1

following Eq. (46)), the expression for p; (Eq. (75)) is valid

only for mg > mgT The remarks with respect to the implications

of mg as the lower limit of the integral over the mainshock mag-

nitudes apply here as well.
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The problem with "point" sources near the defined endpoints
of a fault-Tine does not come up in this particular analysis of
the "line-area" model, because it has been assumed that mainshocks
occur only on the fault and aftershocks anywhere in the surrounding
region (i.e., also in a region beyond the endpoint of a fault
(see Figure 3-4)). However, if it is believed that the assumption
is unreasonable, the same problem as discussed at the end of
Section 3.2.2.2.1 arises and the remarks made there apply to this
model as well.

In choosing the size of a particular (areal) "point" source
Af, which can vary from location to location, two conditions have
to be satisfied. On one hand, the size should be small enough
that a fixed distance to the site can be assumed. As proposed in
the "Tine-line" model, the distances from the points inside a
"point" source should not vary more than 1% for close "point"
sources and not more that 2 - 5% for more distant "point" sources.
On the other hand, the size should be such that a fixed perpen-
dicular distance from the "point" source to the fault Tine can be
assumed. This criterion insures that the error in approximating
the circular aftershock area by sets of (areal) "point" sources is
small. A reasonable rule is that the perpendicular distance from
points inside a particular "point" source should not vary more than
5% for "point" sources close to the fault line and not more than
5 to 10% for more distant ones.

The criteria set up in the "line-Tine" model for the choice
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of the length's A2 of the (Tinear) "point" sources, which repre-
sent the fault Tine, can be used without changes in the "line-

area" model.

3.3.2.1.2 (Calculation of an Upper Bound on pyT

As in the "line-line" model, an upper bound on pT, which is

T

easier to calculate than the exact value of py,,is obtained, if

in the equation of p; (Eg. (11), Section 3.1)

57 = P[A]+P[B]-P[ANB]

the term P[ANB] is omitted and if P[B] respectively (1 - P[B])

(second term in Eq. (75)) is approximated by

FlB] = Z—exP{—E[nqy’]}

E[na;] is the total expected number of aftershocks in T years

which produce y > y. This approximation implies the assump-

site
tion that aftershocks are marginally governed by a Poisson pro-
cess. As mentioned in the "Tine-Tine" model, this assumption'does
not hold, especially for small values of-y. However, it simpli-
fies the analytical expression and their numerical evaluation

significantly.

The‘expected number E[na;] can be written as

ElnaJ]] = E[nm]E[ na,/ ( exacty 0350’;777;”775/7“'&)]
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Figure 3-5 Point-by-Point Calculation of E[na;]
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with E[an],the total expected number of mainshocks with magnitudes

above mg? given by Eq. (28) (Sectipn 3.1.2.1) as

Elnm™]=v, T
The total area of potenfia] aftershock locations has to-be .divided
(as was done in Section 3f3.2.1.1) info smaller areas Af, which can
be treated as “point"~§oﬁrces with fixed distances to the site and
the fault Tine. w1th’an upper bound mq on the mainshock magnitude,
the maximum extent of the aftershock area is determinéd by the

relation
/ /
g, O = y'+3dm,

as shown in Figure 3-5.

In order to induce aftershocks in a pafticu]ér "point" source,
a mainshock of magnitude mo has to occur in a limited region L'
on the fault line, where L' is a function ofjmm and the perpen-

dicular distance d from the source to the fault line (see Figure

5 given by

L'= 2\/9)(,0{26/710 (7»’+d?77m)]—o’2’ (77)

3-5). ;w1th.theuspatiaTidistribﬂhﬁohaTaW&?E

Clearly only mainshocks of magnitudes in excess of m&

/
’77/77/ = @Lg‘f_r_ | " (78)

can induce aftershocks in this particular "point" source.
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Given a mainshock of "magnitude mm“ (mm > m&) occurs "at
time t'" (0 < t' < T) with its epicenter in L'(d,mm), the ex-
pecte& number of aftershocks that occur during t' to T in the
"point" source Afi in question and produce Ygite > ¥ can be

written as

E[m]F/m,,,) /5; (79)

where the expected number of aftershocks, E[na], with magnitudes
in excess of m: is given by Eq. (33) (Section 3.2.2.2.71), the
aftershock area F(mm) by Eq. (73), and 51, the probability that,
given an aftershock occurs in Afi, it will produce Ysite > ¥s by
(365 (Section 3.2.2.2.1). The probability that the mainshock
is of "magnitude mm“ (mm > mﬁ) and occurs "at time t'" in L'(d,mm)

is given by

df k ﬁ 'F(mm > )dmm % m,;;émm<mz (80)

Thus, the expected number of aftershocks in "point" source Af1

during t' to T, that produce y >y, due to a mainshock of

site
"magnitude mm” at "time t'", is the product of Eq. (79) and

Eq. (80).

=yl ”g/mmz_

£lnal= 7 m)/oa =Ky [ 7

In order to get the total expected number of aftershocks which

(81)

occur in the total potential aftershock area and produce
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y >y, given a mainshock occurs in T, Eq. (81) has to be

site
integrated over t' (from t' = 0 to t' = T) and over m (from
m. = m&(d)* to m. = m]) and summed over all "point" sources of

the total potential aftershock area, yielding

Elnay (S 3’:5,,7;’;’““9] > AK Lt
M,g:f

7/'7'

// e R [(355(7’-5 /)

+C) f""-—\c/""]c'/mm a’{’

(82)
By carrying out the integration over t', replacing A by Eq. (68)

and by using Eq. (28) for E[an], the final expression for E[na;]

can be written as

EYQ7C(;:7’= 1%n A&O,/B 7567b ‘549)43 A

L 70
dlaﬁm(ah( 7,
(5657'+C)27°sz 7 _Z_/ X
[Fsstopy ¢ / Flrm)/® 777,
Me

* For reasons given in Section 3.2.2.2.1, the Tower 1limit of the
integral has to be larger than md, the 1ower bound on the after-
shock magnitudes. For small values of d, where. my <.m0, e1ther
the Tower Timit of the integral can be set to mm (if only main-
shock magnitudes between mfl and my want to be cons1dered) or mg
can be lowered until it satisfies the above condition.
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where p. is given by Eq. (3

L' is given by Eq. (77

(\

F(m ) is given by Eq. (73

)

6)
)
i )
A is given by Eq. (68)
k is given by Eq. (26)
is given by Eq. (78) (see also footnote on page 70)

m

OEE—_IS

> mg (See Section 3.2.2.2.1 for explanation)

This expression is not easy to evaluate but significantly easier
than the expressions of Eq. (75).

The upper bound on p; can now be expressed as

pl=2-exp {- Elnm,] ]} -exp [—E[na]]} (84)

where E[nm;] is given by Eq. (31) (Section 3.1.2.1) and E[na;]
by Eq. (83).
A comparison of exp{-E[na;]} with the exact solution of
(1 - P[B]) (Eq. (75), second term) reveals that in the calculation

of p; the following term in (1 - P[B])

1-exp {——— """"""]Z_'?'mm) o1

o i
has been approximated by | 7‘-(”70)

{750 .........]\_‘“/ Al
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and the summations and the integral over the mainshock magnitudes
have been rearranged. As in the "line-line" -model, the approxi-
mation yields very conservative estimates for small values of y..
Again, it is not possible to assess the degree of .over-estimation

without calculating the exact value of p;.

When using the expression for an-upper bound on p;

, (areal)
"point" ‘sources near the defined endpoints of-the fault-1line have
to be treated specially. If the region L' (Eq. (77), seé also
Figure 3-5) on the fault, where the mainshocks have to occur in
order to be able to induce aftershocks in an (areal) "point"
source, extends beyond the defined fault-Tline, L' in Eq. (83)
for E;
fault-Tine. The same is true should L' for a particular "point"

has to be replaced by the portion of L' that lies on the

source be larger than the total fau]t»]ength L.
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CHAPTER 4

APPLICATION OF THE "LINE-LINE" MODEL

In this chapter the "line-line" model will be applied to an
example and numerical results of a seismic risk analysis using
the upper bound method outlined in Section 3.2.2.3.2 will be
presented and discussed. As it has been pointed out several times,
it is not possible to estimate how conservative the upper bound on
p; is without actually calculating the exact value of p;. Despite
this Timitation, the results are useful and provide new insight
and understanding of the influence of aftershocks on the seismic
risk in various situations. However, it has also to be kept in
mind that the "line-Tine" mdoel is a crude simplification of the
spatial occurrence of earthquakes and that the results cannot yet
be generalized with great confidence. This can probably only be
done after an application of the more realistic "line-area" model
(Section 3.3).

The numerical results of the upper bound on p; will be com-
pared Qith the results of a seismic risk analysis described in
Cornell(z) of the ”equiva1eht event" model (the aftershocks are
treated as mainshocks) and the "mainshock" model (only mainshocks
are considered). This comparison will be done for a set of dif--
ferent upper bounds on the mainshock magnitude and a fixed fault-
site distance, and for a set of different fault-site distances

and a fixed upper bound on the mainshock magnitude, as well as
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for different ratios of the ("average") expected number of after-
shocks Vg to the expected number of mainshocks v, per year, with
the sum of Vg and Vi kept constant.

A11 computations have been done on the IBM-370 computer of

the M.I.T. Information Processing Center.

4.1 Parameter Values of the Example

The fault-site configuration of the following example of - the
"1ine-line" model is shown in Figure 4-1. The site at which the
seismic risk will be estimated is Tocated at a distance d in é
perpendicular direction from the midpoint of the 200 kilometer-
long fault-line.

The seismic risk will be calculated for nine different cases:
four cases with a distance d of 30 kilometers, but each with a
different upper bound on the mainshock magnitude, 6.0, 7.0, 8.0
and 9.0; two cases with an upper bound on the mainshock magnitude
of 9.0,Abut each with a different distance d, 10 and 50 kilometers.
For these six cases it has been assumed that 50%* of all earth-
quakes with magnitudes. above ~4.5»that occurred in the past on
the fault-line, can be é]aséified as‘aftershobks.';Therefore,
the expected number of afteréhocks'thhlmagnitudes above 4.4

(Tower bound on aftershock maqnitude) in a certain time period T

* This number, as well as the value of Vi (for mainshock with mag-
nitudes above 4.5), can be considered as reasonable an? gypioa]
values for faults in Southern California (see Kallberg 5), p. 24,
Sources 9 and 10). ' '
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(here 10 years) should be approximately equal to the expected
number of mainshocks in excess of 4.5 (lower bound on mainshock
magnitude; note that mg > mg as required), which was set to 0.5
(i.e., annual mean rate of mainshocks > 4.5 Vg = 0.05). This
condition was met by adjusting the values of c¢ and p in the modi-
fied Omori Taw (see Section 3.1.2) with a method explained in
Appen31x A. For a value of r = 0.07* (r is the ratio of the total
energy of all aftershocks larger than 4.4 to the energy of the
causative mainshock) the following values for c¢ and p have been

calculated (c = 1.0 = constant):

Upper bound on mainshock magnitude
6.0 7.0 8.0 9.0

c 1.0 1.0 1.0 1.0

p 1.64 2.025 2.435 2.845

For the last three cases, an upper bound on the mainshock magni-
tude of 9.0 and a distance d of 30 kilometers was assumed, but
each with a different ratio of va/vm, 0.43, 2.33, and 9.0 The
corresponding ¢ and p values have been calculated in the same way

as in the other six cases:

* Medjan value of 42 observed aftershock sequences in Japan
(Utsu(9)). :
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Ratio va/vm
0.43 2.33 9.0
c 1.0 1.0 1.0
p 5.3 1.79 1.025

A typical value of b (magnitude frequency law) for Southern
California is b = 0.86, thus 8 = b 1In 10 = 2.0. The parameter B
(23)).

in the magnitude-energy law is assumed to be 1.5 (Gutenberg

UtSu's(g’lo)

relationship between the linear dimension D of
the potential aftershock area and the mainshock magnitude Mm of

the form

tog, O=-18+05M,

for D in kilometers, is used as spatial distribution Tlaw.
The attenuation "law" in this example takes the following

(21),

Fform (Esteva

08M ~-20
72808 R 5 for R > 30 kilometers

Y= 0.8M
7;42 e for R < 30 kilometers

where y is the maximum peak ground acceleration in cm/s?, M the
magnitude of the earthquake and R the distance from the epicenter
to the site (in kilometers). The "error" term e is lognormally

distributed with a mean of In ¢ of zero and a standard deviation o
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of Tn € of 0.01. This small value has been chosen in order to
avoid masking effects by o and because the case o = 0 requires

special and more complicated treatment.

4.2 Numerical Results

In this section, the upper bounds on the seismic risk of the
"main- and aftershock" model (see Section 3.2.2.3.2) will be pre-
sented and compared with the "exact" results of a seismic risk
analysis of the "mainshock" and the "equivalent event" model. 1In
all three models it was assumed that the epicenters of future
earthquakes will 1lie on the fault line.

The results of the "mainshock™" model, obtained with a seismic

) (corresponding to term P[A]

risk analysis described in Cornel1(?
in Eq. (32), Section 3.2.2.1) are plotted in Figure 4-2. For each
of the six cases with va/vm = 1 described in Section 4.2, the
probability that the maximum peak ground acceleration at the site
will exceed a units in any year, is given as a function of a.
Since the risks are small (less than 0.1) the corresponding pro-
babilities of the cases with different ratios, x = va/vm, are
obtained by multiplying the results of Figure 4-2 by 2/(1 + x).
Because (va + vm) is constant in all cases, the risks from the
"equivalent event" model are twice the ones shown in Figure 4-2
(valid also for small risks). Truncating the magnitudes at an

upper bound leads to an effective upper bound on the maximum peak

ground acceleration at the site au, which is a function of the
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closest djstance-frbm'the site to.the faults ofgﬁhg_upperkbound_qn :
the mainshock magnitude énd (however, to a far lesser degree) of
the standard deviation, o, of Tn e. For o # 0, infinitely large
values of a are theoretically possible, but the risks fall off
very rapidly when approaching the effective upper bound gy.

A comparison of risk estimates pf the "main- and aftershock"
model with the "equivalent event" and "mainshock" model for the
nine different cases examined are shown in Figures 4-3 t674-6.

In Figure 4-3 the (annual) risks of the three models are plotted
as a function of maximum peak ground acceleration a for the case
with upper bound oh the mainshock magnitudes = 9.0, distance

d = 30 kilometers énd va/vm = 1. In the other figures the ratio
of the ("average annual") risk from the "main- and aftershock"
model (i.e., upper bound on the exact risk) to the risk of the
"equivalent event" model is plotted as a function of the ratio of
examined ground acceleration a to the effective upper bound on the
ground acceleration EP- Figure 4-4 shows the influence of a
variation of the upper bounds on the mainshock magnitudes for the
cases with cdnstant distance d = 30 kilometers and constant ratio
va/vm.= 1 (i.e., risk from "mainshock" model is approximately 50%
of risk from "equivalent event" model). Figure 4-5 shows the in-
fluence of a variation of the perpendicular distance d from the
site to the fault Tine for the cases with a constant upper bound
on the mainshock magnitude my = 9.0 and a constant.ratio of

va/vm = 1.0. The dashed lines in both figures correspond to a
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fixed level of examined ground acceleration (i.e., 10% of g).
Finally, in Figure 4-6, the results of a variation of the
ratio x = va/vm are shown for the case with upper bound on the
mainshock magnitude my = 9.0 and distance d = 30 kilometers.
Because (va + vm) was kept constant, the 100% line corresponds to
the "equivalent event" model for all values of x. The actual
risk values for the "equivalent event" model can be taken from
Figure 4-3 and the risks for the "mainshock" model are obtained
by multiplying these values by 1/(1 + x), as shown by the hori-

zontal lines in Figure 4-6.

4.3 Discussion of the Results

Throughout this chapter it has to be kept in mind that, first,
the risk values for the "main- and aftershock" model are only an
upper bound on the "true" values, and, second, that the "line-Tina"
model is based upon a simplistic assumption about the spatial dis-
tribution of aftershock epicenters. The observations and conclu-
sions drawn from the results of this example can therefore not ne-
cessarily be generalized. However, some of the more general con-
clusions are judged not to be restricted to the above limitations
of this example.

In all the examined cases, it can clearly be observed that
the influence of aftershocks on the seismic risk is largest for
small ground accelerations examined, and rapidly decreases when

the examined ground acceleration approaches the effective upper
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bound on the ground acceleration at the site (see Figures 4-4 to
4-6). In any case, the "equivalent event" model significantly
overestimates the risks, especially for larger ground accelera-
tions, whereas the "mainshock" model underestimates them. In the
view that the risks of the "main- and aftershock" model are upper
bounds, it seems that the "mainshock" model represents more closely
the aftershock influence, particularly for ground accelerations of
engineering interest (in general, 10% of g or more).

When Tlooking at a fixed ground acceleration (say, 10% of g)
as indicated by the dashed lines in Figure 4-4, it can be noticed
that the contribution of aftershocks to the seismic risk decreases
with decreasing upper bounds my on the mainshock magnitude. For
instance, the aftershock risk at 10% of g drops from 26% of the
total risk from the “equiVa]ent event" model of an upper bound
my; = 9.0 to 16% of an upper bound my = 7.0 (see Figure 4-4). This
implies indirectly that the aftershdck risk is associated mainly
with mainshocks of-large magnitudes, which cause a considerable
spread of aftershock epicenter, thus permitting considerably
shorter distances to the site. The decrease is believed to be
more significant for the exact risks of the "main- and aftershock"
model, because the maximum possible aftershock region D(m1) (see
equation for D(mm) in Section 3.1) for small upper bounds on the
mainshock magnitude my (say, my = 6.0) is not very much different
from the length A% of a "point" source (for which a fixed distance

to the site was assumed). In these cases, the aftershock risk has
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to be nearly zero (equal to zero if D(m1) < AR).

As shown in-Figure 4-5, a variation of the perpendicular
distance d from the site to the fault-line does not significantly
change the relative contributions of the aftershocks to the seis-
mic risk. Clearly a variation of d does change the absolute risk
values and the effective upper bound on the ground acceleration
at the site (see Figure 4-2).

It can be expected that a variation of the "average" expected
number of aftershocks Va to the expected number of mainshocks Vi
given the sum vy and v remains constant, greatly influences the
contributions of aftershocks to the seismic risk. If an earth-
quake source (fault-line) is characterized by a small ratio of
X = va/vm (i.e., mainshocks are usually followed by a relatively
small number of aftershocks), the influence of aftershocks remains
small. For the case of x = 0.43 in Figure 4-6, aftershocks con-
tribute less than 20% (for a > 10% of g) to the risk from the
"mainshock" model. The "equivalent event" model, on the other
hand, overestimates the risk by 20 to 45%. However, it must be
emphasized that such a variation of the risk can be easily ob-
tained also by changing parameter values in the "mainshock" model.
This aspect will be discussed in the following chapter. For large
values of x (x = 9.0, see Figure 4-6) the "mainshock" model under-
estimates the risks by less than 400% (for a > 10% of g), whereas
the "equivalent event" model overestimates the risks by 300 to

900% (relative to the "mainshock" model). Thus, for increasing
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values of x, the influence of the aftershocks becomes more and
more important and neither of the simple models estimates the
risk adequately.

Summarizing the discussions of the results, it can be said
that the most significant parameters which influence the relative
contribution of aftershocks are the upper bound on the mainshock
magnitude and the ratio x of the "average" expected number of
aftershocks Vo to the expected number of mainshocks Ve For low
upper bounds and/or a small (say, less than 1.0) value of x, the
"mainshock" model yields, in this example, results closer to the
"true" results. For high upper bounds and especially for large
values of x, neither of the two models yields accurate results
(up to 900% difference for x = 9.0, a value that has been observed

(15)).

in several earthquake regions in Japan However, for ground
accelerations of engineering interest, the "mainshock" model al-
ways comes closer to the "true" results.

Other parameters, such as d, affect the absolute risk:-levels
but not significant]y the relative contributions of the after-
shocks to the seismic risk. It is anticipated that a more realis-
tic two-dimensional spatial assumption for aftershock locatiens in

future analytical models will demonstrate further influences of

parameters on the contribution of aftershocks.
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CHAPTER 5

CONCLUSIONS -

Seismic risk analysis for main- and aftershocks involves many
random varﬁab]es, which make the analytical expressions and the
numerical calculations extremely complicated and the results dif-
ficult to anticipate. It is therefore somewhat ambitious to draw
conclusions from the experience gained in the development of the
analytical expressions for the two models presented in this study,
and from the approximate (upper bound) results of examples of the
simpler of the two models.

Seismic risk analysis for -main- and aftershocks is mathe-
matically much more expensive to carry out than the two other
models ("equivalent event" and "mainshock" model), especially
when the more realistic "line-area" model is used. However, it
is relatively easy to get an upper bound on the risk of the "main-
and aftershock" model. The question is, under what circumstances
is it worth the effort to gain more "accuracy" in determining the
seismic risk at a site. It has to be kept in mind that the pre-
sented seismic risk models are based on many assumptions (such as
the truncated exponential distribution of the magnitudes, or the
assumption that a zone of recent past activity is equally likely
to be the source of the next earthquake than a previously active
zone which has been relatively quiet for same time), which are

simplifications of the actually observed behavior. Furthermore,

;-



-90-

the values and forms of many parameters and parameter relationships
(such as the attenuation "law" or the modified Omori law) are often
only "best estimates" and can vary considerably from-earthquake to
earthquake. It has been found in various applications of seismic
risk analysis that the results are relatively insensitive to some
of them, but others can easily change the risk values by a factor
of 2 (for small ground accelerations, say around 10% of g) to 10
(for large ground accelerations, say 50% of g or more). It is also
known that a small, but close earthquake (i.e., a typical situation
of aftershocks) produces a different response spectrum for struc-
tures than Targe but more distant earthquakes, a fact which has not
yet been included in seismic risk analysis. This critical apprai-
sal of seismic risk analysis is not for the purpose of reducing its
value, but of explaining that the results should always be inter-
preted as "best estimates" with a possible spread around them.
Because of thé multitude of different parameters, whose values
are known with various degrees of certainty, it is difficult to
quantify this spread, but for all models a variation of the seis-
mic risk between 50% and 200% of the "best estimate" value should
be anticipated.

Five fairly general conclusions can be drawn from the present
study of seismic risk analysis for main- and aftershocks:

(1) The relative contribution of aftershocks to the total

seismic risk decreases with inctreasing values of ex-
amined seismic intensities at the site.
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(2) The kelqﬁive confributi§n'of aftershocks to the total -
seismic risk increases with 1ﬁcreésing uppef bounds on
the mainshock magnitudes, which implies that the after-
shock risk is mainly associated with large but rare
mainshocks which cause a Targe number of aftershocks and
a considerable spread of aftershock epicenters and thus
allow considerably shorter distances of certain after-
shocks to the site.

(3) The relative contribution of aftershocks to the total
seismic risk increases significantly with an increasing
ratio of the "average" expected number of aftershocks
to the expected number of mainshocks, independently of
the conclusions (1) and (2). Thus, the aftershock risk
can be an important part of the total seismic risk in
regions where mainshocks are usually followed by a large
number of aftershocks of significant magnitudes (say 4.0

or larger). (

(4) The "equivalent event" model always yields conservative
risk estimates,especially for large examined seismic '
intensities and small upper bounds on the mainshock mag-
nitudes. The "mainshock" model underestimates the risk,
but with the exception of small examined seismic inten-
sities, usually comes closer to the "true" results than
the "equivalent event" model. . ) o

(5) A seismic risk analysis for both main- and aftershocks
is complicated and expensive, particularly when exact
results are wanted and for models which try to simulate
the actual spatial distribution of main- and aftershocks.

With these conclusions and with the previous remarks, it can

be stated at the present time that it is, in general, not worth
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the effort to use a seismic risk model for both main-~ and after-.
shocks in-regions where the aftershock activity is small and/or
only mainshocks of-small magnitudes are anticipated in the future,
especially when the interest Ties in the larger seismic intensities
at the site (e.g., ground acqeleratiohs above 10% of g). In these
cases, a seismic risk analysis with the "mainshock" model is ap-
propriate and gives risk estimates adequate for engineering pur-
poses. However, in regions with a large -aftershock activity, it
may well be of .value to use tHe more complicated seismic risk
analysis for both main- and aftershocks, or at least the method
to obtain an upper bound en the "true" risk values. In,these'
cases, the contribution of aftershocks can easily exceed the pos-
sible variation in the risk due to unbertainty in the parameter
values. Furthermore, it can, in .general, be said-that if no
seismic risk analysis for both main- and aftershocks 1is avai]ab1e,l
the "mainshock" model gives "better" (underestimated, however)
risk estimates than the "equivalent event" model, particularly for
seismic intensities of engineering interest.

It has to be emphasized that these conclusions are still
used with caution. Only the application of more realistic models
such as the ”11ne{area” model, and calculations of the exact
(instead .of an upper bound) risk can improve and sharpen the con-

clusions of -this study. -
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As ‘mentioned earlier, future work in this area has to con-
centrate on the application of the "line-area" model, in order to
verify or change the conclusions drawn mainly from a "Tine-Tine"
model.. These findings might indicate whether it is necessary to
apply the more complicated formulas for the exact risk values.

At the same time, it is necessary to collect data on aftershock
sequences (e.g., parameters of the Omori 1aw>and the spatial dis-
tribution law) in specific earthquake areas such as California.
Finally, this work could be extended to the most general "area-

area" model, if it should prove important to do so.
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APPENDIX A

CALCULATION OF AN "AVERAGE' EXPECTED NUMBER OF

AFTERSHOCKS PER YEAR IN A PARTICULAR EARTHQUAKE SOURCE

As mentioned in Chapter 1, seismologists have estab]ishedA
methods and criteria to classify earthquakes as main- or after-
shocks. With such an information on the seismic history of an
earthquake source, it is possible to determine an average mean
number of mainshocks, Vs and of aftershocks, vy» Per year. The
values of Vi and v, can change from earthquake source to earth-
quake source. The values found in the 1iterature for the param-
eters ¢ and p (and r) in the modified Omori Taw (Section 2.1.2)
which determine most significantly the value of v, are very often
average values from many earthquake sources together (earthquake
region, such as Southern California, for instance). Depending on
the location of a structural site, the seismic risk is often de-
termined primarily by nearby earthquake sources only. With an ex-
pression for an "average" expected number of aftershocks per year
in a particular source, the values of ¢ and p (and eventually r)
can be adjusted in order to reflect the past seismic history of
this source.

The expected number of affershocks of magnitudes in excess
of mg during t' to T, given a mainshock of magnitude between m.
and m_ + dmm occurred at time t' to t' + dt', is given by Eq. (33)

(Section 3.2.2.2.7).
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o [(365(7¢)¢ )P~ ] (A1)

In order to get a finite number of aftershocks for T - «, the value
of p has to bellarger,than 1.
The probability that the mainshock occurs at t' to t' + dt'

and has a magnitude between m and m. + dmm can be written as

m

a’fk ﬁ_ - (/77,;7 "% )0//77 | (A-2)

" The total expected humber of aftershocks in-T years, given a main-
shock occurs during T years, is obtained by multiplying Eq. (A-1)
Fy Eq. (A-2) and by double integration over all possible mainshock
magnitudes from mg to my and all possible times t' from 0 to T,

7 y1e1d1ng

-, 2p_ B
NG m)[“sé?}?)_,s) c '

7~Cf//:7 (}77,-652’7)

Thus, Vg is obtained by multiplying Eq. (A-3) by the average mean

r/31—/o

(A-3)

number of mainshocks v, per year..

-— ﬁ??ﬁp -/Z%f)
Yo = 7‘/3 1 -/o

2 2 .
Zjﬁzzi;Z;fé;{Vb) < "72?1/27(h2'_’zbﬂ3’

For explanation of the parameters and symbols, see Chapters.2:

(A-4)

and 3.
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If, from the earthquake history of a particular earthquake
source, the values of Vi and v, are known, the parameters c and
p (and eventually r) can be determined such that Eq. (A-3) is
satisfied. Because Va is a nonlinear function of T, Va should

be determined for "large" values of T (say, 10 to 50 years).





