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Abstract

A model for ground motion at a site resulting from finite-length ruptures
along a fault is analyzed. The model assumes that rupture length is a function of
earthquake magnitude, that ruptures occur with equal probability at all
allowable rupture locations, and that ground motion {(acceleration) at a site is a
function of the closest distance from the site to the causative rupture. Ruptures
must be wholly contained within the fault limits, in contrast with the model of
Der Kiureghian and Ang (1977) which permits a rupture to extend beyond the
fault by one-half the rupture length.

Equations are developed for determining the average frequency with which
ruptures along a fault will cause specified accelerations to be exceeded at a
given site. It is shown that rupture length plays a large reole in the exceedance
rates obtained and that minimum and maximum earthquake magnitudes and
overall fault length may also affect the values significantly. The eflects of
varying the parameters differ with site location and acceleration level.

The usual relationship between median rupture length and magnitude is
assumed, log{l)=a+bm. Tor each magnitude, rupture lengths are lognormally
distributed about the median value with standard deviation o,. Using "long"
(those corresponding, for example, to 1.50; ) versus "short" (-1.5g; ) rupture
lengths for each magnitude may change the calculated exceedances of an
acceleration by a factor of twenty or more. The expected number of
exceedances oblained by integrating over rupture length may, in many cases,
be approximated by using only a single rupture length per magnitude
corresponding to a mean rupture length (which may differ considerably from
the median length for the magnitude).

A series expansion permits acceleration exceedances to be separated into
"point source"” and "rupture length" contributions. For an Esteva attenuation of
the form loga=cj+cpm+calog R the first "point source’ term {assuming infinite
maximum magnitude) is equivalent to Cornell’s (1968) result for point sources
(zero-length ruptures) on infinite faults; this term may account for only a small
fraction of the total exceedances obtained when mean or median rupture
lengths are used. :

If accelerations are regarded as being lognormally distributed with standard
deviation o,, the expected exceedances calculated for a fixed acceleration at a
site may be significantly higher than those obtained when only the log-mean
acceleration is used for each magnitude and distance.

Calculated ground motion exceedance rates may differ by a factor of two cor
more at sites a few kilometers apart near the end of a fault, and fault location, if
not known exactly, should perhaps be treated probabilistically.



Iniroduction

Computer programs (Bender and Perkins, 1982, and McGuire 1578, 1578)
that have been used extensively for seismic hazard analysis and mapping
assume that earthquakes occur as points within source zones or as finite length
ruptures along faults. Tﬁis paper concerns only the latter situation, and
develops equations for the rupture model used. The analytic develcpment (as
contrasted with the numerical approach of the computer programs) facilitates
an examination of the model and enables a better understanding of the roles of
the varicus parameters and interactions between them.

The rupture model to be investigated is a line-rupture model, meaning
earthguakes occur as finite length breaks on a fault line. Acceleration at a site
resulting from a single rupture of a given magnitude and location is a function of
closest distance from the site to the rupture. This distance obviously is not
equivalent to epicentral or hypocentral distance, and authors who use the latter
rather than closest distance are in effect modeling point sources on a line.

Accelerations are evaluated using an attenuation relationship giving
acceleration as: a function of earthquake magnitude and distance. It does not
seem possible to use hypocentral distance and acijust the attenuation function
to take rupture length into account since, for example, in a rectangular
coordinate system, a linear rupture with hypocenter at (0,0) and end points at
(0,0), (X,0) would be at a clesest distance of zerc from a site at {X,0); a rupture
with the same hypocenter but having end points at (0,0), (-X,0) would be at
closest distance X from the same site. An attenuation relationship based on
hypocentral distance would not be able to distinguish between the two cases in
the example. For a magnitude 6.5 earthquake, a median rupture length given by

Bonilla and Buchanan (1970) was 28 km, representing a non-neglible difference



between possible hypocentral and closest distances.

Additionally, when acceleration resulting at a site from a rupture of finite
length on a fault is regarded as a function of closest distance from the site to
the rupture, a long rupture will tend to produée a higher acceleration at a site
than will a short rupture-. since the closest distance from a long segment to a
sllte is likely to be less than that from a shorter segment.

The model to be analyzed will henceforth be feferred to as the fcr or fault
contained rupture model; it will be compared with the fault rupture model of
Ang and Der Kiureghian (suggested by Ang, 1974, and expanded by Der
Kiureghian and Ang, 1975, 1977). In the fcr model, ruptures must be wholly
contained within the fault, whereas in the model of Der Kiureghian and Ang only
rupture centers must be located on the fault. It will be shown that, especially
for sites near the fault, either fault rupture mode] tends to give substantially
more exceedances of an acceleration level than does the model (Cornell, 1968)

in which earthquakes are regarded as point sources.

N
-~

Equations are developed in this paper for deterﬁinirg exceedance rates of
specified accelerations at a site using a general attenuation function and then
using a particular (Esteva, 1968) form, loga =¢,;+cym+cglog R. It will be shown
that rupture length, fault lengthy and earthquake magnitude range affect
acceleration exceedénce rates in a complicated manner depending on
acceleration level and site location relative to the fault. Some sample results
will be provided to illustrate the various effects and to compare models.

Model assumptions will first be listed, and then it will be shown how they are
implemented in two computer programs. This will help to introduce some of the

basic ideas, integrations, probability distributions, and geometry of the model.



Model Assumptions

Assumption 1. In an X-Y coordinate system, the fault is a single line segment of

length L, located on the X axis extending from (0,0) to (L,0). The site is located

at (X.P).

. Assumption 2. Rupture lengths are lognormally distributed as a function of

magnitude with standard deviation o;. (See, for example, Bonilla and Buchanan,

1870). 1f tile mean value of the log of the length of a rupture of a magnitude m
earthguake is
Inb,, =a+gm (1)

where b,, = break or rupture length

m =Richter magnitude,

a >0, g > 0 (constants),
the variation in In b,, is normally distributed with standard deviation o;. The
probability of a break of length b,; in the range

expla +g m+ fro;]Sb <expla+gm +{(fr+e)o] (2)
is the area under the normal probability integral

1 Ureley z?
PT(J’T)=7§;; S exp(- )dz (3)

2
Ifro 20

Assumption 3. A break of length b,, may with equal probability have its center

at any point (C,0) on the fault such that
b b
(T"‘.o) <(C.0)<(L ——é”‘-.o).

The break must be wholly contained within the fault, and so break length cannot
exceed fault length. [Ang’s model requires instead that the break be centered

on the fault: (0,0) £(C,0) (L ,0) with a maximum break length of 2L .]

Assumption 4. Peak acceleration (or velocity or some other measure of ground

motion) at the site (X,P) is a function of earthquake magnitude and closest
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distance from the break to the point. Accelerations for each magnitude are
distributed lognormally around the mean peak (log) value with standard

deviation o,.

Assumption 5. Earthguakes are restricted to occur in the magnitude range

MpS M STp,.y. Their density is the truncated negative exponential distribution:

[ ®exp[-b (m -mo)]
1-exp[~b (Mg~ mp)] for mogSmSm e

f(m)= (4)

0 elsewhere

Assumption 8. The mean occurrence rate r per year of earthquakes for

magnitudes in the range mg< m S, for the fault remains constant during

the time periods of interest.

Assumption"?. Farthquake occurrences have a Poisson distribution, that is, the

probability of exactly k occurrences during time period { is

plk) = (rt)* ezf(-—-r t)

where = average rate per unit time.

Note that earthqualces are regarded as independent events; the fact that an
earthquake did or did not occur at a specific time has no influence on
subsequent earthquake arrivals.

Assumptions 1-8 are used to determine the yearly rate of exceedance
Pez(a;) of specified levels of ground motion a; at a site. Given Pex(a;), from
assumption 7, the probability that no earthquake occurring on the fault during a
period of { years will produce an acceleration a 2 g; is

P(a < a;)=exp[—-Pez(a;)t] (5)
and the probability that one or more earthquakes will produce an acceleration
aza;is Pa 2a;)=1-exp[~Pex{a;)t].

The computer program for seismic hazard evaluation, SEISRISK Il (Bender
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and Perkins, 1982), finds accelerations that have specified probabilities of being
exceeded during given f-year time periods. The seismic hazard program, FRISK
(McGuire, 18978), determines instead accelerations corresponding to time

periods £ {which McGuire calls return periods) for which

— 1
~ 1-exp[-Pez(a;)]’

The computation of exceedance rates Pex{a;) of various accelerations a; in

each of the computer programs will be described briefly in the following section.
The programs differ in their approaches but yield consistent values of Pez (a;)

when the same parameter values and attenuation function are used.

Current Computational Procedures
Both computer programs permit a fault to be composed of several
connected straight-line segments, and allow contributions to Pez(a;) from a set
of faults to be summed.
1. FRISK {Mc Guire, 1978).
FRISK divides the magnitude range mySm £ My into a number (n,,4,) of

intervals Am apart, aﬁd assumes that all earthquakes for which

Am Am .
mj--—2—§m<mj+—2—- (15] én,,mg)

occur at 7y, the midpoint of the 7 interval. A set of (n) rupture length are

th

selected for each magnitude so that the i** length for the m* magnitude:

bm, = exp(a +g my + f101) (8)

(frico <fi <frem) .

occurs with probability p;, where

f"¢

1 __za Ryt
. o= —)d and i = 1. 7
P *\75:1;{:’81?( > )dz o igp‘ (7

Ruptures of length bm’(i) have their centers at each of n evenly spaced

locations Al apart on the fault at distances along the fault

"



bm (1) by (1) by, (1)
y 4 my _
5 ) +Al, 2 +2AL..... L

with probability ;11— for each location.

Since all n locations for each magnitude and rupture length are equally

likely, the fractional seismicity associated with a single rupture bmj(i) is

Py P

[bmy ()] =242 ®)
where (from equation 4)
exp[~b (m, = m))[exp(25T) — exp(~ 2]
p(G) = (9)

1- exp[—b (M mux —mo)]
= probability of an earthquake in the j™* magnitude interval.

The closest distance from one segment bm’,(i) to the site is determined and
the mean acceleration for a magnitude m earthquake at that distance is
computed from an assumed functional relationship between acceleration,
earthquake magnitude and distance from site to source. If a, is the calculated
mean log acceleration, the probability that the actual acceleration will exceed

the value ag is (by model assumption 4),

Qpo—ay

prazag)=9p'[ ] (10)

Oq

where

o' (w)= s fexp(“Z )z (11)
(2w)% 2
= the complement of the standardized normal distribution.
The probability that an earthquake in the range my<m <m ., produces an
acceleration a Zagy at (X,P) then is the probability that a 2ap, given that a
particular break location, break length and earthquake magnitude occur,

weighted by the probability of that occurrence and summed over all cases.

e on

Ponag
prla 2ag]= mzzl (gl '§1p'r[a Zap|my, bmj(‘i.k ). S(bmj(‘i))] (12)



where bmj(i.k)z'i"‘ break length for magnitude my at k? rupture location

bm (i)

(rupture center on fault at distance + (k—1) Al from end).

The annual exceedance rate Per(a;) then is pr[a 2a;] multiplied by the
annual rate of earthquakes in the range mpyS=m Smp,,. FRISK calculates
Pez (a‘-) for a selected set of a; and interpolates to find the accelerations for the

desired return periods.

ap—ay

In using the program for hazard mapping, calculating ¢"'[ ] for each

a
break for each magnitude is quite time consuming. The interpolation may be
poor if the selected a; are too far from the solution values.  Choosing a small
but efficient set of a; may be dvifﬁcult if a large geographical area is mapped and
accelerations vary widely. Choosing a large set of a; can result in wasted
computation. These difficulties are largely avoided in the second program,
which builds a histogram of acceleration occurrences at a site and then

determines acceleration exceedances using the histogram.

Il. SEISRISK 1l (Bender and Perkins, 1982)

In SEISRISK 1I (revised from the original undocumented program of S.T.
Algermissen and D.M. Perkins, 1972), a table of 100 acceleration values is
constructed such that the k™ entry a, represents accelerations in the range
a; 1= a <ag;. Associated with these g;'s are accumulators into which fractional
expected acceleration occurrences are summed. For a given magnitude,
acceleration a in the range a;_ySa <aq; will be produced only if the point of a
rupture closest to the site is within an appropriate distance range. Therefore,
for each magnitude used, distances that correspond to the acceleration
boundaries @; are determined (by interpolating in a table of acceleration as a
function of distance and magnitude). Let d;{j) = distance at which a magnitude

m; earthquake causes acceleration a,.

»



For a specified rupture midpoint on the fault and rupture length, there is a
unique closest distance from the rupture to the site. There may, therefore, be

an interval of length z[bm,(i)] along the fault such that ruptures with midpoints

in this interval are at distance di(j)<dsd,_y(j) from (X,P). The fraction of

T [bmj(i)]

—<——_  Summing over
L =y () ¢

reaks b, (1 lelding a;_y3a <a, en becomes
breaks b, (i) yield < then b

magnitude and rupture length gives the contribution to accelerations in the

range gy_15a <ax.

gt 2 [0 (8)]5 (b ()]
G = ,gx i=1 L *bmg(d.)

where s[bm’,(i)] was defined in equation 8.

(13)

Since the accelerations a; are mean values from a log normal distribution
with standard deviation o,, to account for acceleration variability each C, is
redistributed into the set of accumulators so that the fraction placed in the j'**
accumulator for accelerations a;_;'S a <a;' is proportional to an area under the

normal probability curve. Repeating for all ¥ gives the new entry G;"

n

: In(a,’) 2
1 e [-(z-W)]
¢ = c expt———X*71 gz 14
17 V2o, tz_—:1 kln(;(_l') 2o, ? (e

= (new) fractional earthquake occurrences in range a;_; Sa <g;'.
where
n,. = subscript corresponding to the maximum mean log

acceleration possible at (X,?)

_In(ag_y)+1In(a)
k= 2

= mean log acceleration for q;_y£a <a,;.

A yearly exceedance rate Pez(a;) of accelerations @ may be calculated

dirctly as
km
Pez(ax)=rate ), G (15)
J=k+1
where rate = expected total earthquakes in one year in the

Y



range moSm S Muyay
kmax = subscript corresponding to highest acceleration
after redistribution (k.2 74, ).

Note that because o, is treated as independent of magnitude and distance,
acclerations G may be "spread out” only after the acceleration histogram at
(X,P) has been completed. As a result, when earthquakes from a number of
sources produce accelerations at the site, SEISRISK II evaluates the normal
probability integral much less frequently than does FRISK, and the larger
number of accelerations at which Pez{q;) is computed reduces the interpolation
errors.

The two computer programs were run for a variety of parameter
combinations and geometries to investigate the properties of the fault-rupture
model. Both programs, however, are subject to some discretization error (from
treating a continuous distribution of magnitudes, rupture length and locations
as if they were concentrated at a set of distinct points) and the numerical
procedures cause a certain lack of smoothness in the results. These
inaccuracies complicate making sensitivity studies using the programs and
might cause us to attribute to the model properties that are really properties of
the approximations made.

In the analytic formulation, we shall be concerned principally with Ez{(a;),
exceedances of acceleration a, before acceleration variability is taken into
account, that is from equation 13, |

Ez(a,)=rate 12020 G@G).
J=k+1
We begin by developing the appropriate equations for Ez{a;) for the fault-

rupture model defined by model assumptions 1-6.

10



Analytic Development of Fault Rupture Equations
Integrals for acceleration exceedance rates at a site will be developed using
a general attenuation function a =f(m,R) in which acceleration at a site
increases with earthquake magnitude m and decreases with distance R from
the source. R is defined here as the distance from the site to the nearest point
or; the rupture.
If the nearest point on the rupture is at depth d with coordinates (Xg, 0. —d).

the distance to the site at (X,Y) is

R=V(X-Xp)2+Y2+d® (16)

This distance is identical to the distance from a surface rupture {d =0) to a
point at (X,P) where
P=Y?+d"
Because the attenuation function in this case involves only the equivalent of a
surface distance R, we shall hereafter, without loss of generality, assume the
site lies at {X,P). Define
R (m)=distance at which an earthquake of magnitude m
produces acceleration a, at (X,P).l
All ruptures on the fault of magnitude m earthquakes that have at least one
point closer to (X,P) than R {(rn) will produce accelerations greater than a;.

For each magnitudé in the range of permitted magnitudes mg<m £ Mnay,
the fraction of possible ruptures on the fault that will be closer than R;{m) to
(X,P) is sought. This fraction depends partly on rupture length, which is a
function of magnitude.

Since by model assumption 2, rupture lengths are lognormally distributed
for each magnitude, define rupture length for magnitude m as a function of

fr o, that is

b (f7 o) =exp(a +fr o) exp(g m)=H (fro;)exp(g m). (17)

11



We shall calculate the rate of accelerations exceeding a, using, initially, a
fixed value of fr in the rupture length-magnitude relationship; then we shall
integrate over f7r. Since fr o, is constant for the time being, we shall simplify
the notation by writing b,, =H exp(g m) for b, (fro)=H(fro;)exp(g m). H is
now a constant multiplicative factor which stretches or shrinks the rupture
fength around its log-mean value for each magnitude, depending on the choice
of fr. We first seek Ez(a;|H). the expected rate of exceedance of acceleration
a, at (X ,P) given H.

Two cases will be considered: the perpendicular from (X,P) intersects the
extended fault line {Y=0) beyond the end of the fault segment (X <0 or X >L);

or the perpendicular from (X,P) intersects the fault segment itself (0SX < L).

Case 1. X <0 (Site beyond end of fault.) (By symmetry X >L could equivalently
be considered.)

The point on the fault z;{m) that is at distance R (m) from (X,P) is the
solution to |

Ry(m)®=[zn{m)-X]*+P? (18)

or

o (m)=vVR(m)?-P2+X,
Because the distance from (X,P) to a point on the fault ({,0) increases as I
increases, all ruptures of magnitude m earthquakes that have their closest
endpoints at O0=<!<z;(m) will produce acceleration aza; at (X,P).

Equivalently, all ruptures with midpoints I = ;;,;54 on the fault for which

b b '
%sngl(m)wn—é"— (19)
will contribute to Ex{a,|H) (figure 1A).
There is a magnitude ,, below which a; will not be produced at (X.P)by a

rupture anywhere on the fault. This corresponds to z;{m,;) =0, and

R,(mlo)= VX2+P2.

12



Case 1. Site at (X,P) beyond end of fault, X <0.

b b
B. —<l<L >
Case 2. Site "above” fault, 0 X §§-.
R R
b b
92720772 4UL8A
L77 /////_ x L///////J
0 <—AX——->1<—————AX—"| L
™ L ~l
b b b ' b
—-Az - - SISX +Az + — ' D. — +Az + —
C. X-Az z_l X +Az > 2<l<XA:z 5
(X.,P)

Figure 1. Locations on a fault of centers of magnitude 7n earthquakes yielding
accelerations a 2a at (X,P). Fault extends on x-axis from z =0 to z=1. Ruptures of
megnitude 7n earthquakes centered on fault at z =1 will cause accelerations a = a; at
(X, P) as indicated.

R =R (m)= radius within which a magnitude 7 earthquake will produce
scceleration a 2 a, at (X,P).

Lyig = possible rupture-center locations on a fault of length I, of a magnitude m

b
earthquake of ruptures of length b = b,,, —g‘— Sl sSL - .

z;(m) = point(s) on fault intersected by a circle of radius R 1(m.) centered at (X,P).

Y

13



Since magnitudes below g are not permitted, set
™Mo = max(mg,my, ). (21)
If m,> Moy, Where mua, is the maximum permitted magnitude, a; does
not occur at (X,P). Tberefore, we may assume M min < Mmax.
There is a magnitude m, above which all ruptures regardless of location on
the fault will yield a > a, (figure 1B). This is the magnitude m =m, for which
z,(m)=L —br{m) (22)
where br (n)=min(b,,, L)
(If rupture length b, as given by equation 17 would exceed fault length L,

rupture length is set equal to fault length). For mn =m,

L—br(ms)=vVRy(m.)2-P2% +X, (23)

(There is a unique Solution m, sihce both Ur{) and Ry(m) are nondecreasing

as 7 increases.)

Set
TN min My <mmjn
My =] Ty Mg SM, SMop,, (24)
mox TRnay < g .

The fraction of eartﬁquakes of magnitude 7n that yields a 2a, at (X,P) is :

0 m<mmm

le(m)z—-P2+X
L - H exp{gm)
1 My < S My

pr{e2za|H.m)=] Mmn S Sy, . (25)

Using equation 25 together with model assumptions 2 and 5 gives for X <0:

m

Ez{a,|H)=rate j'uf(m)pr(aZcxle,m): (286)

mo

,/Rx(m)ﬁ_P2+X ™ max
{mexp( bm) L —H explg m) dm + ;!;exp(—bm)dm

rate b exp(b mo)
1- exp[-ﬂ (mmu*'mo)]

= Iy + Iy

-

(Eitber integral may have a zero range of integration.)

14



Case 2. 0SX < _12; (Site "above" fault)
Let (X.?) be a site such that a perpendicular from the sile to the extended

fault line intersects the fault at some interior point. Assume O§X§%. (By

symmetry, % <X S L could equivalently be considered.) As in Case 1, we wish to

determine the fraction of the fault on which earthquakes producing
accelerations a 2 a; at (X,P) may originate.

Again let 7, = minimum magnitude at which a,; is felt at (X,P). This
corresponds to Ry(m;,) =P, and the point on the fault line that is at distance
R(my,) from (X, P) is at (X,0), that is, z;{m;,)=X. Let mu,=max{mg, my,).

For m =m,,, only ruptures on the fault intersecting (X,0)=[z;(my,).0] will

produce a; at (X,F). For magnitudes m >y, there will be two points z; (m)

and :z:lg(m) on the extended fault line for which

Rym)=VAz(m)?% + P? (27)
that is,

xl‘(m)=X~4z(m) and :z:la(m)=X+A:c(m)
for some Az {m).

For a magnitude 7n earthquake all ruptures with midpoints l,,;4 in the range

b b
X—Ax(m)————é—"—élmﬂ <X +Az(m)+ ——é"—
will contribute to exceedances of a,; at (X,P). However, since rupture length
canno} exceed fault length and ruptures are required to be wholly contained

within the fault [,;4 is further restricted to lie within

Byn Bon
g S L

or

mnx(X-Ax(m)——b—znl—. le)élm,'d Smin(X +Az (m)+ %m— L- gé—"—) (28)

Several cases must, therefore, be considered.

15



(a) Megnitudes . for which X — A;t(m)— bm 2 0.

For magnitudes n for which this holds, the fault is so long that even if the fault
were longer, any additional ruptures of length b,, would be too far away from the
site (X,P) to produce accelerations a 2 a; (figure 1C).

Let m,, be the magnitude for which equality holds X =Az(m)+b,,. Define
™My, 8s in equation 24. For m;,Sm smy,, all ruptures with midpoints [,,;; in

the range

b b
X—Az; —— Sl SX+Ar, + ——
2 2
will contribute to Ez(a,|H). This corresponds to a fraction of possible

magnitude m earthquakes

frimy= 221t (29)

giving for mmin M Sy,

2VR {(m)2-P2%+H exp{gm)
L ~ H exp(g m)

pr(azay, [H,m)= (30)

(b) Magnitudes m > my, for which X + Az(m)+ by, < L.
At these magnitudes, additional ruptures of length b, would contribute to
accelerations a >a; if the fault extended beyond ({0,0) in the negative x-

direction. Adding fault length beyond (L, 0) in the positive x-direction would not

increase the possible ruptures that produce a 2a; at {X,P). (Recall Xé—g-,

figure 1D). Let m, be the magnitude for which L —X =Az (m,2) + by -
2

(fm,a?_m,1 since I, — X =X based on the assumption that X < -Izi)

Define my,, as in eguation 24. For m, <m Sm,_, all magnitude m ruptures for
23 1 2 p

which

bm

b
—é”isz,,,w <X +Az{m)+ >

16



will contribute for a fraction
frim)=Xozm) (31)
L - b,
giving for my, =m sy,

\/Rl(1n)a—P?‘+X

L — H exp(g m)

Pr{(azay|H,m)= (32)
(c) Magnitudes 7y, S SN oy

All earthquakes regardless of their location on the fault will contribute to
exceedances of a; (figure 1E).

For MMy, ST S Mgy

Pr{(azay|H,m)=1. (33)

Combining these results yields, for 0SX £ —!'2-.

Ty

b rate exp{b mg) 2v/R ()2~ P2%+ H exp(g m)

o D = T s e T i, S ™ T LoHetgmy O™
=
: VR PRy e
+ ”{:xex;')(—-b m) L —H explg m) + "{e exp(—bd m )dm (34)

= I, + I, + on -

1

Equations 26 and 34 are the general fault-rupture equations.

A closer examination of these equations for Ex(a,]H) will provide some insight
into the efflect of rmagnitude limits m,, m,, and mpu,y and the role of fault
length, break length and site location. Along with the general results, we shall
note some specific properties of the model when the widely used Esteva (1969)
attenuation relationship for (log) acceleration as a function of distance and
magnitude is used to define R;(m). We shall use the form

Inea=c;+cgm+cglnR; ¢;>0, c2>0, c3<0. (35)

In this case,

17



1

c c c
Ry(m)=a; Fexp(- = Zm). (36)

(1) Minimum magnitude, mg.

The choice of my may significantly affect the exceedance rate of some
accelerations. If m,, the minimum magnitude yielding acceleration a; at (X,P)
is less than 7, the minimum assumed, then including additional earthquakes in
the range m,;, S <my will increase the exceedances of a; by an amount equal
to the change in Ez(ay|H) resulting when m_y,=m,, rather than m;,=mg is
used as the lower limit of integration in equations 28 and 34. Loss of
acceleration exceedances due to minimum magnitude cutoff should be
suspected when a magnitude less than mp will produce accelerations greater
than the acceleration of interest for some possible site-to-source distances.

More importantly, even when the minimum magnitude cutoff does not cause

loss of acceleration exceedances at levels of interest when a single acceleration

is assigned to each magnitude and distance, it may do so when acceleration

variability is taken into account. If a lognormal distribution of acceleration with
standard deviation ‘g, is assumed, accelerations are in effect "spread out”
around their (log) mean values. Since there may be fewer accelerations a <a;
to redist;ibute when magnitudes below my are eliminated, ignoring these
magnitudes may reduce the rate (after redistribution) of some accelerations
a>aj.

For some reasonable values of c;,c, and cg in the Esteva attenuation
(equation 35), using m =4.5 as opposed to m =3.0 (where the rate for
earthguakes with magnitudes m > 4.5 remains the same in both cases) changes
the frequency of accelerations up to .2g at distances of 10-20 km from the fault.
The diﬁe;ence is greater when acceleration variability is taken into account

than when only (log) mean values are used (figure 2).
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early exceedances as a function

of minimum magnitude
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Figure 2. Acceleration exceedances at a site 10 km from the center of a 400 km fault
when magnitudes are restricted to the range 4.5 <7 £7.5 and when additional magni-
tudes 3.05m < 4.5 are also included. Acceleration variability o, =.8

Attenuation function lna =3.4+.89m - 1.17InR;

rale=.1 earthquakes per year in the range 4.5 £7.5; b=2.

(2) my or (my, ): nllagnitude above which all ruptures occurring anywhere on
the fault will yield acceleration a >a; at (X, P) for H fixed.
The fraction fr{m) of magnitude m earthquakes that contributes to
acceleration a; increases steadily with magnitude in the range
0L fr(m)<l My S m<my
and remains constant |

frim)=1 M ST STNmax (37)

where

for site at (X,P), X <0,or X>L
m; =
7 my, for site at (X.P), 0sX<sL.
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Thus for fixed My, 8nd My 88 My decreases the fraction of earthgquakes
Moty ST S M,y that cause acceleration a; to be exceeded at (X,P) increases.
But the value of 7y depends upon rupture length, site location, acceleration
level and fault length. An understanding of the roles of each of these
parameters will help make clear certain behaviors of the model.

(8) Ez(a,|H) as a function of fault length and of the x-coordinate of site

location.

Consider sites at (0,P) and (%.P) at distance P perpendicular to the end to
the center of the fault, respectively. The same minimum magnitude 7 g;, will
produce acceleration a,; at both these sites. Yet Ez(a,;|{H) at (—‘g—,P) may be

(perhaps considerably) more than twice the value of Ex{a; |H) at (0,P) or even
equal to it, depending on fault length L and acceleration a; {(figure 3).
To see this, note that if the fault is sufficiently long, the entire contribution

to :’!I‘z:(a;ihf)(_li

L p) is from integral 7, and to Ez{a;|H )(op) is from integral Iy, in

equation 34, yielding

E-’C(allH)(g p)Z REz(ay|H)o.r) (38)
L
(Equality holds only at H =0, that is for point sources or zero-length ruptures.)
On the other hand, the acceleration a; and fault length may be such that the

entire contribution to the exceedances of a; at both sites is from the integral

T . In this case,

EI(ale)(LP)=EI(a: | H )o.p) (39)
2
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Figure 3. Relative acceleration exceedances at sites 30 km from the center and 30 km
from the end of faults 100 and 400 km long; 4.0sm =8.5; b=2.

(b) Acceleration exceedances as a function of P (perpendicular distance) of the
site from the fault and fixed my, (for the Esteva attenuation.)

For two sites with the same X-coordinate and different P, (X, P;) and (X, P,),
let m,, (fixed) be the lowest magnitude producing acceleration a; at {X,P,;) and
az at (X,Pz). We shall show that if P2> P,, a higher fraction of the earthquakes

in the range 7y, < <, contributes to Ez(a, ’H)(X'pl) than contributes to

Ez(az|H)y,.p,) For the Esteva attenuation, a; is the acceleration for which

Ing; =c;+ cgmny, + c3ln Py, 1=1,2. (40)

and for a rupture at distance R; = k& P;, where k = a constant, a; is produced by

the magnitude 7y for which
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Ina;=cy+ camy +cgln(k Py) i=1,2

c
from which it follows that —-Eilnk =7ny —my,1=1,2 Therefore, ;= » and d;,
4

the length of fault on which magnitude m; earthquekes will produce acceleration
a; at (X, P;) is
=R E= PR (@)

Hence a larger fraction of earthquakes at magnitudes m;, <m will cohtribute to
Ez(ay|H)wp, than to Ez{az|H)x.p, and for a fixed magnitude range, the
more distant site is affected by earthquakes along a higher fraction of the fault
(figure 4).
(3) Maximum magnitude m max

Because high accelerations can result from high magnitude earthguakes,
uncertainty in specifying the "true" m,,, has been of considerable concern in
risk analysis. We shall assume the rate of earthquake occurrences remains fixed
for m, S Mmp.(0old) and investigate the effect of adding additional earthquakes in

the range mpy,.(old }¢m S m(new). That is, we shall assume

b exp[-b{(m—mg)]
<m <
T= explb (mmua(old) )] 7% 10T ToSTE Mmerlnow)
f{m)=
0 elsewhere

The precise effect of mp.y on exceedances of a given acceleration at a
particular site can be determined by adjusting the integration limits involving
TN ax and possibly m,,, Ty, Ty, in equation 26 or 34 and evaluating the integrals
for the respective values. As illustrated in figure 5A and 5B, the relative eﬂ'e;ét of
changing m, ., on the exceedances of a givén acceleration level is not the same
at different sites. The relative effect on different accelerations at the same site
is also non-uniform (figure 5C). We shall give a heurisﬁc argument why this is so.

The highest acceleration a,., possible at a site is produced by a magnitude

. €arthquake in which the rupture overlaps the point on the fault closest to
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Figure 4. Acceleration exceedances as a function of 77, P.
™y, = lowest magnitude that produces acceleration a, at (X,.P); Mumax="7.5.

In this example, an Esteva attenuation, Ina, =c;+cmy, + c3InP is used; the site is at
{200,P); the fault extends from (0,0) --(400,0). For my, fixed, the same magnitude range
TNy ST S Ty yields more exceedances of ay as P increases, or the site is affected by
more earthquakes along the fault in a given magnitude range as the perpendicular dis-
tance from the site to the fault increases.

the site. In this case, Mgy = Mnpax Occurrences of accelerations neér @ nex Will
obviously be greatly aflected by small changes in my,,. However, if an
acceleration ay is considerably less than @max, then mpy, is considerably less
than . and changing m,,,y by a small amount will have little effect on the

exceedances of a;. That is, if ., (new) is such that

_ M max(New) = Mmas(old )
T Mpe(old) = Mg

<1,
even including all the additional earthquakes at magnitudes

M max(01d )< TN EMmax(new) does not substantially affect the exceedances of a,,
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Figure 5. Acceleration exceedances as a function of maximum magnitude.
A, B: Exceedances of .1g and .5 g for sites at varying perpendicular distances P from the

center of a 400 km fault.

C: Exceedances of various acceleration levels at a site 30 km. from the center of the

fault.
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since earthquake occurrences decrease exponentially with magnitude and the
large number at lower magnitudes {near n,y,) will dominate. However, as mp,
increases {(corresponding at a fixed site Fo a higher a,), small absolute changes
in T .0 become larger fractional changes in 7 and cause correspondingly larger
fractional changes in Ex{ay | H).

Now let a; =a..{old) at a site. We shall look at how exceedances of a,
change when m e {new) = m (old) + Am at sites at (-g-,P) and (0,P).

Using equations 28 and 34, the incremental exceedances AEz(a;|H)
resulting from earthquakes in the range my,(old)<m <m g (new) is

approximated by

[2Ad + H exp(gm )] Am

]
: ) L — H exp(g m)
AE::(a,lH)(%J,):mm 0 (42)
Q Ad Am
L — H exp{g m)
AEI(Q.; IH)(o’p)=mi.n Q (43)
=rateexp[~b (m—mo)]‘ Ad:\/Rl(m)a—-Pz. (44)

1- exp[-b(m~my)]
Since Ri[mpefold)]=F Ad is small when Am is small and the "break length

term” H exp(g m ) may contribute most of the exceedances of a; at (‘Lé—,P )- This

term vanishes for a site at {0,P). Thus at the highest accelerations possible at
(X.P) the incremental absolute effect of a small change Am in maximum
magnitude may depend upon rupture length and site location.

Some additional remarks may be made when the Esteva attenuation
function, (equation 35) is used. In this case, the maximum acceleration possible
at (X,P) increases exponentially with m_,,. Now a_,, is that value of a for

which

Inaay=cy+CaMmpatcginCD , (45)
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where

L
P 0$X§2

CD=\VPTsx® o<
and
amax(new) = amu(()ld) exp[cz(mmaz(nm) "mmu(Old) )] . (46)

If the acceleration range at a site is defined as

AT = Qpax— Ao (47)
where
lnag=cy+czmg+c3lnCDhD, (48)
for sites at (X,P;) and (X,P;)

Qmeax(X.P,) Qmax(X.P,)

(49)
Qo(x.p,) Qo (x.Py)

Because the maximum acceleration possible at the site decreases as P
increases, the acceleration range becomes smaller as P increases. It follows
that the eflect of maximum magnitude on acceleration a; at (X, P) depends

upon where in the acceleration range aj lies for that site.

(4) Fault length.

Let the earthquake rate r per year per kilometer of fault be fixed. If the
fault is short enough, adding fault length will increase the number of
earthquakes that may be felt and hence increase the rate of exceedance of most
accelerations at a site. Beyond some point, in this model, however, adding fault
length will actually cause the exceedances calculated to decrease (to some
limit). The length at which acceleration exceedances begin to decrease de.p‘ends
upon the site location, attenuation function, acceleration level and other
parameters. The role of fault length may be explained as follows:

Consider faults of length L and length k L, where k > 1. Let the faults extend

from (0,0)—(L.0) and (0,0)-(k L,0) respectively. For simplicity assume the site

is either at (0,P), above the end of the fault, or above the midpoint at (%P) or
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kL
=2 P

If the integral /,; does not contribute to Ex{a(|H ), the only quantities that
change in equation 34 when fault length is increased are those involving fault
length and rate, and since

7L S Tkl
L — H exp(g m) kL —Hexp(g m)

where 7 =earthquake rate per unit of fault length

r L (or 7 k L) = total earthquakes along fault (of length L of k L),
the shorter fault will yield more exceedances of a; at (X, P) than will the longer
fault.

On the other hand, if for both faults all earthquakes contribute to Ex(a, |H)
regardless of location (the only integral involved in both cases is fg;), then
ruptures on the longer fault will produce ¥ times as many exceedances of a, at
(X.P) as will those on the shorter fauit.

Figure BA illustrates a case in which there are more exceedances of
accelerations at all levels at a site near the center a short (100 km) fault than
near the center of a longer (400 km) fault having thc same rate of earthquakes
per unit length. The situation is clearly reversed at a site further away (at a
greater distance P) from the center of the fault. Figure 6B illustrates
exceedances of a fixed acceleration at a site as a function of fault length where,

again, earthquake rate per unit length is constant.
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Figure 6. Acceleration exceedances as a function of fault length when earthquake rate
per unit length remains constant.
A: Sites 10 km and 100 km from the centers of faults 100 kin and 400 ki long.
B: Relative exceedances of .05 g at sites 100 km and of .5 g at sites 10 km from the
centers of faults that vary in length from 20 km to 1000 km.

(5) Rupture Length.

Rupture lengths for three magnitude rupture length relationships (for a log
normal distribution with standard deviation o; = 1.20) are illustrated in Table 1.
For each relationship, a great variation in length may be seen particularly at
bhigher magnitudes between the longest and shortest ruptures for each
magnitude. |

Recall that the analysis thus far (equations 26 and 34) has assumed a
constant value of f7

H=H(fro)=expla + fr o)
and that fr is a stretching factor--ruptures become longer at each.magnitude

as fr increases. Recall also that given fr, mj(fr 0,) is the magnitude above
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Table 1.--Typical rupture lengths when variability is included ir three magnituce-rupture
length relationships. The standard deviation given by Bonilla and Buchanan (1970)
o, =1.20 is used for all three relationships. F7 =0 corresponds to the mediar rupture
length. The other rupture lengths are those for fr =+1, +2 correspording to lengths
between the “short” (—20,) and "long" (+20;) exiremes.

- .

L mag _| -2.0 -1.0 0.0 1.0 2.0

4.0 0.3 0.9 3.0 9.8 32.4
4.5 0.4 1.4 4.6 15.3 50.8
5.0 0.7 2.2 7.2 24.0 79.4
5.5 1.0 3.4 11.3 37.5 124.3
6.0 1.6 5.4 17.7 58.7 194.5
6.5 2.5 8.4 27.8 91.9 304.4
7.0 4.0 | 13.1 43.5 | 143.9 476.4
7.5 6.2 | 20.5 68.0 | 225.2 745.8
8.0 9.7 | 32.1 | 106.4 | 352.4 | 1166.8
8.5 156.2 ) 50.3 | 166.5_| 551.4 | 1826.0

b B R B S 4

i H w0 § 0~

t
|
i
|
!
|

5
]
|

A. Bonilla and Buchanan (1970) fit for world-wide surface faulting
(used extensively by McGuire)
In(l)=-2.498+.896m + 1.20 fr; (log,p(I)=-1.085+.389m + .52 f1)

fr

| mag_ &~ .:2_(_) J _'l'.g_.. S _9._0_ L - _1'_0_. 4+ - _._2'_0 _____
4.0 0.3 1.1 3.5 11.6 383 | k
4.5 0.6 1.9 6.2 20.5 68.0 i
5.0 1.0 3.3 11.¢ 36.5 120.9 1
5.5 1.8 5.9 18.6 64.9 214.9 o
6.0 3.2 10.5 34.8 116.3 381.7 {m
6.5 5.6 18.7 61.9 204.9 678.4 e
7.0 10.G 33.2 | 109.9 364.1 | 1205.5 t
7.5 17.8 £0.0 | 1951 6147.0 | 2142.4 e
8.0 31.7 | 104.9 | 347.2 | 11498 | 38073 | r

| 8.5_]56.3 | 186.4_| 617.1_| 2043.3 | 6766.2 | s_

B. A relationship used (with f7=0) by Der Kiureghian and Ang, 1977, in their

risk analysis In(l)=-3.350+1.150m + 1.20 fr
Jr

mag {_ 20 1-101! 00| 101! 20/ _
4.0 C.C 0.1 .3 0.8 3.0 k
4.5 0.1 0.2 0.6 1.9 6.5 1
5.0 0.1 0.4 1.3 4.2 13.8 1
5.5 0.2 0.8 2.7 8.9 29.5 o
6.0 0.5 1.7 5.8 19.1 63.1 | m
6.5 1.1 3.7 12.3 40.8 134.9 e
7.0 2.4 7.9 26.3 87.1 288.6 t
7.5 5.1 17.0 56.3 | 186.3 617.0 e
8.0 11.0 | 36.3 | 120.3 | 398.4 | 1319.4 T

8.5 1235 | 77.7 | 257.3 | 852.0 | 2821.1 |s _

C. Curve A of Wallace, 1970. Earthquake recurrence intervals
in the San Andreas fault (used by Algermissen and Perkins, 1978).

In{1)=~7.370+ 1.5207n + 1.20 T

" 29



which all eartbquakes regardless of location on the fault contribute to
Ez{a,|H(fr o|)] at a specified site. As fr increases and ruptures become
longer at all magnitudes my (fr 0,) decreases, and
my(~uo)>m(f7)>mi(ug). -u <fr<u. (50)
As m;(fr o) decreases, a higher fraction of earthquakes along the fault
contributes to exceedances of a;. Because all earthquakes at magnitudes
m >m;(-u o) contribute to Ez[a|H({(fro)] for all -u<frs<+u, the
diflerence in Ez[(a; |H (f7 0,)] as a function of H(f7r0;) is due to earthquakes
baving magnitudes m <m;{~w 0;). In the extreme case, if m;{—u 0;) = Ty, all
earthquakes contribute to Er(a,) for all magnitudes m 2 m,, and all rupture
lengths.

Table 2 illustrates for my,,,-g5 7, =8.0, at a site above the center of the
fault (at X=~g~), the value of m,;(f7 o;) for fr =—2, 0, +2 (short, median and

long) break lengths As a function of distance I’ and fault length L. As shown,
'm.j(—u 0,) decreases as P increases, indicating that for mn;, fixed, rupture length
has less eflect at more distant sites.

However, in many cases of interest, particularly for sites nearer the fault;
I, does not contribute and rupture length is quite important. We can see
precisely how break length affects the exceedances of a;, that is how Ez(ay |H)
varies as a function of H, provided that rupture length remains less than fault
length for all magnitudes and [I,; is zero or negligible relative to the other
integrals in equation 26 or 34.

In this case the denominator {L — H exp(g m)] can be expanded in a series
and the corresponding integrals in equations 28 and 34 approximated by a sum

of terms. Using

1 — 1 - 1 _1
L — H exp(g m) L[l—%exp(ym)] L(1-2) L

(1+Z+Z%+Z%+.) (51)
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Table 2 Example showing magnitude limit My, asa function of fault length, rupture length and dic

tance from the site to the fault.
At cach site, for a given value of 7y, there is an acceleration which is produced only by magni-
tudea Ty, S7N. Al magnitudes My, S 7N £ .y, all earthquakes on the fault regardless of loca-

tion will contribute-to that acceleration. As Tn“l decreases, the fraction of earthquakes yielding the

L
acceleration increases. Tabular values are for smites at (—,P) ebove the center of a fault L km long,

for short, median and long ruptures, that is for f7 =—2, 0, +2 in the rupture length-magnitude re-
lationship of table 1A.. )
TN mex = B.5, 7y, = 6.0. Attenuationfunction: Ina =3.4+.89m —- 1.17Ink.

we have
M mex \/ ? 2 N, .
Ry(m)E-P 1
NT 2exp(—bm) dm = > I,.(H) 52)
,,'{; L - exp(gm) ,,Z=o (
where

]n(H)z-Nz]—‘ .7)-“2 exp(-d m)VR(m)E-pP*2 (%)n exp(ng m)dm , (53)

and
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™ rex N,
e R g Ry am = X0 )
ST expl-(0 +9)m1 () exptngm)am  (55)

b exp(b my) rate

NT = 56
1= exp[=b (7mea— 0] (56)
Using these relationships, from equation 34, for a site at (-[2—',]3),
Ny Ne
Ez(ay[H) L p)™ LIn(H) + 3 Jn(H) (57)
) e’ n=0 n=0
and from equation 26, for a site at (0,P),
1
Ez(a;|H) ™ 5 3 In(H). (58)
~ n=0

For the Esteva attenuation function (equation 35), under certain conditions, the

I, (H) terms are of the form
- _P_ 8
.Qn(H)p(_g_)p(LcT_lg-%) A=) bong-3

In(H)= - w ¢ dw 59
(H) T f (59)

(See Appendix F for definitions, derivation and discussion.)

The first term of /o(H ) involving gamma functions

3 b 1
Qo(H) F(E) T('C" D)

r(Z+3)
is equivalent to (within a normalizing factor ) Cornell's (1968) result for
earthquakes regarded as point sources (zero length ruptures) occurring on an
infinite fault with infinite maximum magnitude. The second term of [ corrects
for the fact that a finite maximum magnitude is assumed. Since Rl('m,mu) is a
function of acceleration as well as magnitude, at the highest accelerations at a
site, R (M mex) can be very close to P. In this case, the correction may be nearly

as large as the Cornell term. However, if R (7 mex) Is large compared with P,
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[ 2
then [ Lid

—————~Rl(mmu)J is small and the correction for finite maximum magnitude is
small.

While the /p term gives acceleration exceedances for point sources, the Jy
term gives the exira exceedances due to rupture length. The higher order
terms I, (H), JkA(H), O<k, give the correction to the "point source" and
"rupture length" terms due to to the fact that the fault is not infinitely long and
ruptures must be wholly contained within the fault.

If the denominator is originally L (as in the Der Kiureghian and Ang model)

instead of [L —H exp(g m )] only the term k =0 is required. The I, {(H), Ji(H)

terms for k >0 give the difference in exceedances calculated by the two models

for a site above the center of the fault at (é’—,P). For a site at (0,P) for the

model of Der Kiureghian and Ang, Ez(a,|H) is given by E'x(a1|H)=% (Io+ Jo).

(See equation A15, Appendix A).

Some sample results for four 'sites and several values of a; and fr are given
in Appendix D for an Esteva attenuation. We have assumed in equations 53 and
55 that the int'egral I.n is not present, that is that m_,-(f'r 0;) =My In

Appendix D we have relaxed the restriction that Tﬁmu>mj(_fr 0;). changed the

integration limits in equations 53 and 55 from mp.x to mj(f-r o)) and added in

the contribution (if any) from 7,;. Contributions from Iy /4 Jp and I,y plus
the five-term total ("Sum" column) are shown. The column marked "analytic"
gives the results obtained by evaluating the original integrals by Gaussian
quadrature. "Sum" may be seen to give a good approximation to the "analylic”
result for the usual break lengths, becoming less accurate as fr increases to
correspond to extremely long breaks.

Note that even when fr =0 {median break length) J the principal "break
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length term" may be larger than /4 the "point source approximation” and cannot
be neglected. Hence treating earthguakes as point sources can give results
quite different fr:orn those obtained when rupture length is taken into account,
and the term /gy gives a good approximation to the sum only under some
conditions. The‘ differences are particularly dramatic when longer ruptures are
permitted.

Between fr =—2 and fr = +2, (short and long extremes of rupture length),
Ez[ay|H(fr 0;)] may vary by factors as high as ten or twenty or more.
However, the "extreme' situations corresponding to very long or very short
break lengths occur infrequently and the real interest lies m the result of
integrating over break length weighted by probability of occurrence, that is in
the expected value Iz (ay).

We shall investigate the effect of integrating over break length and show that
exceedances of Ez[a,; |H(0)] calculated using only the median (fr =0) length
tends to underestimate the integrated Ez{a;). That is, longer ruptures have a
greater eflect than their frequency of occurrence might indicate, and indeed the
mean rupture length (which is greater than the median length) more nearly
approximates the integrated result. We shall show this using an approximation,
which is valid when the length of all ruptures remains less than the fault length,

and when mj(fr Ul) <M ey for all fr considered.

Rupture Length Integration
'The normal probability integral has limits that extend from —= to +w=. The
formula for rupture length as a function of magnitude
bn=expla+gm+ fr o)
would result in an unbounded length if fr were permitted to increase

indefinitely. Obwiously such long ruptures are impossible and so we shall

truncate the distribution assuming all ruptures occur for fr within some range
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—u S fr S+u, where u is of the order of say 1.5 or 2. The denominalor of

equation 60 is a renormalization to correct for the fact that the integration

limits are —u 0, to+u o;rather than —= to +e.
Integrating over break length gives

'Hl.o"

:[ Ez[a, lH(y)]p(y)dy

Ez(ay)=

_1 +u yz
\/é;__/‘;exP(_ - )dy

__ 1 —y?
where P(y)—mexp(&ng)

_H{y) = exp(a +y), Yy :fr oy (see model assumption 2.)

(60)

Ez(a;) may be calculated directly by integrating equation 26 or 34 for

Ez(ay|H(y)] and then numerically integrating over H(y). However, when the

series expansion of equations 53 and 55 for I,[H(y)] and J,[H(y)] is valid,

(rupture length Temains less than fault length throughout and m; = m.y) the

integration over H{y) may be performed analytically for each n. Since the

integrals I,]H {(y)], J,.[H {y)] are of the form

m

LIH@WI=HE) [ falm)dm

m

RIEEN=AG [ galm)am

mn

the integration over y of 1,[H (y)] may be written

’f LIH)]p(y)dy _f Hylp)dy .
‘+uﬂ" = "‘“"1 m_f fn(m)dm
S ply)ay [ ply)ydy i
<uug —u g;

and similarly for J,[H (y)]

It can be shown that
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+u o) +u —no;

S H@)"plv)dy eXP[na'*(L‘_;ﬁa] S BXP(:;_z)dI

rm =" - N (64)
et Jexp(=2")as

Instead of actually integrating over y (or fr 0,) we may find a single value of

y that gives the same result. By the mean value theorem, there is a value yg in
the range —u 0; S ypS +u 0, such that

T(H™)=H(yo)" =expla +frno)". - (65)

Equations 64 and 65 for T(H™) can be solved for fr,. Table 3 presents

values of fr, for o, =1.20 and 0, =.30 and integration range —1.5 = f7 =1.5, and

—2s frs+2.
Table 3
op=1.20 . o =.30
u=1.5 u=2.0 u=1.5 u=2.0
n an frn n frn an
1 .313 .438 1 .082 .115
2 .554 174 2 .163 .228
3 .721 1.005 3 .240 .337

These results enable us, when the series expansion is valid, to write for a site

at (—IZL.P).

N N
Ex(a;) ® Io+ nian{H(f'fnuUz)] + Zi‘]n[h'(f'rn a)]. - (686)
= n=
Eut since 0< fry < frz<....., and since J,[H(fT 0)] and J [H(fra)] are
increasing functions of f7,. using f7, = fr, in equation 668 does not overestimate
Ez(a,).

For n=1, T(H) represents a first mloment and f7; is such that
T(H)exp(g m)=EXP(a4gm+f'r1 o;) equals the mean rupture length. Hence
using only the rﬁedian length (or length corresponding to fr =0, the mean of
the log of the rupture length) gives a lower value and therefore a worse
approximation to Ez (aj). |

Tables in Appendix E eveluated at rupture lengths corresponding to various
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values of fr illustrate Ez[a; |H{(f7 0;)] when a single length is used for each
magnitude and show the integrated result Ez(a;). In many cases a single length
corresponding to fr, gives a good approximation to Ez{(a;). even when the
conditions used in developing the series expansion are not met completely.
Thus, for example, for u=1.5, o3 =1.20, Ez[a, |H(.3130;)] evaluated for the
single break length corresponding for fr =.313 (the mean length for lengths in
the range to +1.50; ) frequently gives a good approximation to the integrated
result, while the median fr =0 length underestimates Ez{a;). Since integration
over break length is time consuming {numerical integrations in SEISRISK II and
FRISK use four or five lengths per magnitude) a considerable savings results if
one rupture length per magnitude suffices. Figure 7 ilustrates acceleration
exceedance values at three sites when very short (point source), median length
and mean length ruptures are assumed.

Essentially the same arguments may be made when the Der Kiureghian and
Ang model, which requires ruptures to have their midpoint on the fault, is used.
The denominator then is L insteaci of [L — H exp(g m)] and only the principal
"break length term" Jp need be integrated. (The /y term is independent of

H(y).) Formulas for this alternate model are developed in Appendix A.

Probabilistic Accelerations.

Thus far we have associated a single value of acceleration with each
magnitude and distance, when actually, accelerations have some distribution of
values, and should be treated probabilistically. The computer programs
SEISRISK II and I'RISK assume accelerations are lognormally distributed around
their median values, that is around the mean value of the log-acceleration with
standard deviation (in log-acceleration) o,. Note that o, is regarded as

constant, independent of magnitude and acceleration.
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Yearly exceedances as & funclion of rupture length.
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Figure 7. Acceleration exceedances at three sites as a function of rupture length. The
curves labeled fr=—5 give exceedances when very short rupture lengths (almost point
sources) are used; the curves f7 =0 correspond to median length ruptures and those for
J7=.3 to mean length ruptures for 0; = 1.2 (in In,).

The fault extends along the z axis from (0,0)--(400,0); magnitude range is
405m <75

Under this assumption, using earthquake rafe =1, the probability that a
random earthquake in the range m gy S £ will cause acceleration ag to

be exceeded at (X, P) is

JJInag—1lna

umu
Pez{ag)= f ® pr(a)da (87)
Cnn %a
where ¢* = complement of the cumulative normal distribution

(ple)



@min = lowest acceleration for which pr(a)20 at (X<P)
@ mex = highest acceleration for which pr{a)20 at (X,P)
pr{a)=density of median acceleration a at (X,P).

The inclusion of acceleration variability may significantly affect acceleration
exceedances. Figure 8 illustrates exceedance values at three sites for median
length ruptures for several values of g, (where o, =0 represents no acceleration
variability).

In order to gain some insight into how acceleration variability affects the

expected exceedances of ag we shall show that Pex(ay) can be expressed as the

sum of two terms

Pez(ao)=Ez{ag)+ T{ag0,) . (68)
where

Ez(ap) = probability that acceleration agis exceeded
assuming median acceleration values

T{ap,0,) = additional exceedances of ag due to
acceleration variability.

To show this, note that’

o2
JdInap—lna
Pe:r(ao)NEz(az)+f¢ [——-£———— pr{a)da (69)
2, a
where
Ina;=lnag—7 0q (70)
Inaz=Inag+n g (71)

for some number n of standard deviations from ag (Accelerations with log-mean
values a <a; are ignored in this approximation.)

Next, letting w = Ina —In ag and using the relationship ¢*(-z)=1-¢"(z) yields
Pez(ag)rcEz(ag)+ ' - (72)

nd,

g fo'w'(ﬁﬁ—) exp(-w) pragexp(-w)] - exp(w)prlacexp(w)]fdw
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Yearly exceedances »s o function of sigma (accel)
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Figure 8. Acceleration as a function of 0, standard deviation in log-acceleration (using
median length ruptures) at three sites; 0, =0 corresponds to using only the median
value of log- acceleration. (Values of o, shown represent variability in the natural loga-

rithm of acceleration, In, {(a).)
The fault extends along the z-axis from (0,0)--(400,0); magnitude range is

4.05m s17.5.

Thus, the eflect of acceleration variability on the probability of exceeding
acceleration agp is related to the difference in acceleration density at
acceleration levels agexp{-w) and agexp(w) for 0Sw <71 o,.

At the higher accelerations possible at a site, including variability can have
particularly dramatic eflects on the expected exceedances. Since a., = highest

acceleration for which pr{a)>0 at (X,P). priagexp(w)]=0 whenever
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apexp(w)> an.. There may, therefore, be a dearth of acceleration densities to
subtract ofl at the higher accelerations at a siteT If ap2a,,.x, the second term in
the integral in equation 72 vanishes, but the first term will continue to
contribute whenever @, S agexp(—w) £a... This corresponds on the high end
to accelerations ap S apmaxexp(n 05). Thus, the highest acceleration felt at (X,P)
increases by a factor exp(no,) and there will be exceedances of all
accelerations below a.cexp(n g, ). Similarly, restricting magnitudes to mpgsm
affects accelerations that would be produced by magnitudes m < m,, causing, in
some cases, Pez(ag) to be lower than it would be if magnitudes m <mg were
permitted.

Formulas fpr the density pr(a) are derived in Appendix C for the Esteva
attenuation and fcr model. It can be seen that there are a number of different
expressions depending on magnitude limits my,, M mm, My, 7y 7, and the site
location. Since the magnitude limits are a function of acceleration, several
different expressions for pr(a) may be required over the range ay;<a £a;, This

makes a detailed analysis quite difficult. (A numerical derivative

~[Ez(a+e) = Ez(a)]
£

may, of course, be used for computational

pr(a)=
purposes.)

One situation, which is easy to analyze, occurs when the site is at a distance
R from a point source, and the Esteva attenuation is used. (The point source
case is equivalent to the case when bnly the integral 7, contributes to
exceedances of ag; that is, all ruptures regardless of location on the fault
produce accelerations a 2a,.) In this case, as shown in Appendix B, a single

expression for pr{a) is valid throughout the range and

__( &_) no'.

Pez(ao)=Ez(an)+keao [ p* |22 [exp(E2) - exp(—)]dw  (73)
0 Oa Ce Cz
-0 n
b
=Kz{ag)+2koay ® o fgo'(w)sinh( Zaw)d‘w
o 2 *
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where

' sz
exp[b(—j—;mo)]a °2

keg= (74)

ca[1- exp(mpmax—mo)]
so long as @S ay, ApS apn,, (equations 69 and 70).
For this situation,

a) Pez(ap) increases as ogincreases (obvious since sinh(z) increases as z
increases.)

b) For fixed o,, the integral in equation 73 is constant so that Pez{ag) is of the

form

b
Pez(ag) ™ Ex{ag)+ag ? -constant. (76)

An expression for Pex(ag) for the point source case was derived by Cornell

(1971). A different derivation is given in Appendix B.

Applications

Tables in Appendix E iuustraté how acceleration exceedances of 100 gals
(.1g) vary as a function of rupture length and site location for an Esteva-type

attenuation with pa;‘ameters
Ina =3.4+.89m - 1.17InR (77)
using both the fcr model {denominator [L — H exp(g n.)], and alternate model
-(denominator L); and for the Schnabel and Seed {1973) (SS) attenuation curves
using the fcr model. The tables are provided only to indicate some general
behaviors of the the models and to provide éome comparisons between them.
The actual numbers depend, of course, on specific parameters (b-value, fault
length, attenuation, rate, and so forth), and are not significant; only relative
values are of interest. The tables show £z[a |H (f7 0;)] for several values of fr
(short to long rupture lengths), £z{a) (exceedances integrated over rupture

length), and Pez[a |H(fr 0;)]., (exceedances when acceleration variability is

.
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included, fr fixed).

Column headings in the tables below and in Appendix E represent the X-
coordinate, row headings the P-coordinate of a site at (X,P). The fault extends
400 km along the x-axis, 0=z §40b. Magnitude range is 4.05m £7.5 for

exceedances of 100 gals; 4.0<m = B.5 for exceedances of 500 gals.

(1) Site location differences.

For a giveh model and attenuation function, and for the P-coordinate of the
site fixed, Ez[a|H{fr oy)]. Exz(a) and Pez[a|H(fr ;)] tend to change
considerably at sites near the end of the fault a few kilometers apart in the x-
direction. For P = 10, a site at X =+10 (km) tends to have exceedance values
that are two to four times as large as those at a site at X =-10 (km). The
difference decreases as P increases, but generally the values remain larger by
at least a factor 1.5 or 2 for P <85. {See Appendix E.)

Figure 10 illustrates acceleration exceedances, for the attenuation in
equation 77, at a number of sites having the same P -coordinate and different Xv-
coordinates. Figure 10A assumes minimum magnitude mq=4.; figure 10C
assumes mg= 1.

The sharp decrease in acceleration exceedances calculated for a site'a few
kilometers past the end of the fault compared with those calculated for a site

near the end of the fault may be an unrealistic consequence of the model.

(2) Model Differences:

Tables {4) and (5) illustrate the ratio of £z (a) obtained using the fcr model
{ruptures wholly contained within the fault) to £z (a) calculated at the same site
for the alternate model (in which only rupture midpoints are required to be on
the fault) for a =100 gals and a =500 gals. (Zero ratio implies that the

acceleration is not felt at the site for at least one model.)
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Yearly exceedances as a funclionof x~coord of site location
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Figure 10. Acceleration exceedances as a function of the X-coordinate of the site for a
fixed P coordinate; M,y ="7.5. In (A) and (B) mp=4.0; in (C) o= 1.0. The fault ex-
tends from (0,0)--(400,0).

It may be seen that, at 100 gals {.1g) for sites perpendicular to the center of
the fault (X=200), both models give very similar results ai‘ lower P values. with
the relative difference or ratio increasing as P increases. As the X-coordinate
of the site is shifted parallel to the fault past the end of the fault (as X
decreases from X =200 to X=-50), the alternate model begins to give higher

results (about the same at X=50) and increases with decreasing X until at

X=-50 it gives values that are three or four {or more) times as high as the fcr




Table 4

e et e i =y = —_— —— . —— e i . —— ————————— = A= —

g S g Sy

model. At X=-50, (where the ratio in table 5 is zero, Ez(500)= 0 or not felt in
the fcr model), Ez (500)(_sq.p) is as high as 10%-35% of the value of Ex (500)200,p)

in the alternate model. In the alternate model, for P fixed, Ez[a |H (f7 0;)] and

Ez (a) tend to be aimost exactly twice as high at X=!'2- as at X =0, since the

fault is treated as the sum of two independent segments of length —Lz— In the

fer model, the difference is closer to a factor 2.5 or 3.

Thus while the model makes relatively little difference in the calculated risk
at lower accelerations for sites above the fault, the choice of model can have a
substantial fractional effect on exceedances calculated at sites some distance
away beyond the end of the fault. However, the absolute values of the numbers
may become very small, and large fractional differences may be unimportant.
Thus, in examples for £z (500), a tabuiar value of 100 for the assumed rate of
7 = .1 earthquake per year corresponds to a return period of 100,000 years, and

changing the result by a factor ten may have little influence on the earthquake

45



hazard assessment.
(3) Attenuation function.

Table (8) illustrates the ratio of £z(100) computed using the fcr model with
the Schnabel and Seed attenuation curves to Ez(100) for the same model and
the Esteva attenuation (equation 77). Comparison is complicated by the
inclusion of d=depth in eguation 77 where R 2= X 2+ P2 and P2=Y?%+d?
whereas in the SS equations, P =Y. Tables shown assume d =0, but major
discrepancies and shape differences remain, even after changing depth or
shifting in the P direction. (The ratios reflect the difference in the attenuation
assumed at distances other than those where the predominant number of
significant strong-motion records are available.)

At a =500 gals, the Schnabel and Seed curves give nonzero exceedances only
to P =10, whereas the Esteva attenuation gives some exceedances to P =50 (not

shown).

oy e — e e e e - - — — —— — . —— - — " —

10 .43 .42 -39 .34 .45 .61 .82 .43
20 .87 .98 .87 .95 102 108 113 .38
8 y127 130 135 -130 1122 1.15 107 .31
40 .87 .88 1.00 .82 .84 .79 73 .18
50 .87 .66 .65 .59 .56 .54 51 .07
65 .39 .38 .37 .31 .27 .25 .22

(4) Efect of integration over rupture length.

Tables in Appendix E show F£z(a) integrated over ~1.5< fr <+1.5, and
Ez[a |H(f7 01)] ranging from low { fr = —2) to high (f7 = +2) values {very short
to very long break lengths). As previously noted, there may be a difference in

exceedances of factors of ten or twenty between the extremes. As discussed in

- the text, for o0;=1.20, a single value of fr,(fr=.313) gives a good

approximation to the Iintegrated result in many cases. Ratios
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Ez(a)-155srs15)
Ez[a|H{fr o]

for fr =0, fr=.313 are shown below in tables 7-10 for

a = 100, 600 gals, for the fcr model using equation 77.

Table 7
' Ez(loo)wmma/fx[(loo)lH(OUt )]
| P _| 200 100 50 _10___O -5 _ -10 _-50_
10 1.14 1.13 1.10 1.01 1.02 1.03 1.04 1.15
20 1.17 1.14 108 1.03 1.04 1.05 1.06 1.16
30 1.19 1.14 1.06 1.06 1.07 1.07 1.08 1.17
40 1.21 1.13 1.07 1.08 1.09 1.10 1.10 1.19
50 1.22 1.12 1.08 1.11 1.12 1.12 1.13 1.22
85 1.23 1.12 1.12 1.16 1.16 1.17 1.18 1.27
80 1.25 1.13 1.17 1.21 1.22 1.23 1.24 1.38
100 | 1.35_ 114 124 134 _137_ 139 141 _____

b o ——— e e e — e e e e e  ———  ——————

e e e e e o o e o e D e e - — e -




Ez(a)
Ez[a|H(fT0a))

contribute and Ex[a |H (fro,)] is a constant for all fr> fr,, for some f7, <u.

Cases in which the ratio <1 result when all earthquakes

In this case, the mean value Ez(a) must be less than the value Ez[a |H (fr,01)]

and must occur at fr < fn,.

. Ex(a)
The large ratios, those cases where >>1 occur when onl
g Ez[a[H(fro1)] d

magnitudes near m,,, contribute to exceedances of a, R ;(m)?— P2is small, and

most of the contribution to the integrated result is due to the effect of long

ruptures.
Table 11
"""""" Pez[100|H (.3130,)/Ez[100|H (.313¢,)]
X
| P_1 200 _ 100 __ .50 ___10 __ _( 0 ____- S ___:10 50 _

160 1 3.62 _4.12_ 468 635__7.78 _9.68__12.68 9.12

(5) Effect of integration over acceleration variability.

The integration over acceleration gives a value Pez{a) larger than the
corresponding Ez(a |H{fro;)] obtained using just the single mean peak
acceleration, and allows higher accelerations to be felt at (X,P). Both the
maximum possible acceleration and Pez{a) tend to increase at (X,P) as o,

increases. Tables 11 and 12 give Pex(a |H(fro.)] for several situations and
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illusirate these eiffects,

The large ratios may be explained as follows: If a,.x = acceleration at (X,”)
resulting when an earthquake of magnitude 4 occurs on the fault as near es
possible to the site, Ez{(a)=0 for @ > anay and including acceleration variability
means that some of the exceedances of lower accelerations are 'spread
upward", possibly causing Pez(a) >0 even though Ez(a)=0.

Conclusions

Maximum and minimum earthquake magnitude, fault length and rupture
length may have important effects on the calculated exceedances of an
acceleration level; however, these effects vary with site location and
acceleration, and generalizations based upon looking at a particular site or
acceleration may be misleading.

For sites perpendicular to the interior of the fault, acceleration exceedance
values obtained using mean length ruptures for each magnitude may be three to
five times as high as those obtained using point sources. For sites beyond the
end of the fault perpendicular to the extended fault line, the ratio may be
considerably less, depending in part upon whether rupture length is large
relative to fault length at some magnitudes. If .a log-normal distribution of
rupture lengths is assumed. a good approximation to acceleration exceedance
values calculated by integrating over rupturé length is generally obtaiﬁed ty
using only the mean rupture length for each magnitude. It is emphasized that

the mean length is longer then the median length {or mean log-length) which is

frequently used in calculations and gives lower values.

ju
-~
V
{Y

Assumptions regarding maximum magnitude have a large effect o
higher accelerations calculated at a site, but may be unimportant at the lower
accelerations. The minimum magnitude cutoff may cause a loss of exceedances

of some accelerations. If there were no magnitude restrictions and infinite {(or
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semi-infinite) faull lengihs were permitted the exceedance curves would very
more smoothly as a function of acceleration.

Exceedances of an acceleration level may be two to five times as high at a
site near the center of the fault as at a site near the end at the same
perpendicular distance £ from the fault. Sites beyond the end of the fault are
particularly sensitive to site location, a change of 10 km in the x-direction
resulting in up to a factor two change in exceedances of a. As P increases,
accelerations become less sen;itive to the X-coordinate of the site.

This model and that of Ang and Der Kiureghian give similar results for sites
near the center of the fault. Relative differences in exceedances of a calculated
using the two models become larger as the distance from the fault increases and
as the acceleration level a increases.

Different attenuation functions can yield very diffierent acceleration
exceedance valués. The fractional difference in exceedances of an acceleration
calculated using two attenuation functions is not the same at different sites.
Including acceleration variability rather than assuming a single value of
acceleration for each magnitude and distance will cause a significant increase in
the higher accelerations at a site. Depending upon the attenuation function,
including variability if o, is large rriay have a greater effect on the acceleration
exceedance values than effects of including ;upture length. Attenuaticn
function effects can and should be distinguished from model effects.
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Appendix A
Derivation of Ex(aj |H) for the rupture model of Der Kiureghian and Ang (1975).
This rupturé model requires only that tge rupture midpoint be located on

{he fault; the rupture is permitted to extend by one half its length beyond the
end:of the fault and thus rupture length may be twice the fault length. The
deri;:ation of Ez{a,|H) for this case parallels the development of equations 28
and 84 for the fcr (fault contained rupture) model, and we assume }amiliarity
with the notation and derivation of Ez(ay|H) for the fcr model. As before,
eartl;quake magnitudes are restricted to mySm £ m ey, .

g = lowest magnitude that can produce acceleration a, at (X.P)

M = Max{mg, M)

b,, = H exp(yg m)= rupture 1ength.for magnitude m fuptures.

Again, two cases will be considered.

Case 1. X <O {Site beyond end of fault.)
Let 7,{m) be the point on the fault which is at distance Ri(m) from (X, P):

5, (m)=VRy(m)?- P2+ X (A1)
If (1,0) is any point on the fault, (0s1 £L), all ruptures with midpoints I =l;; on
ihe fault for which ,
bm
. 2 _
will contribute to Ez{a; |H). The lowest magnitude m,, that could produce a, at

05 L S{m)+ (A2)

e . . b
the site is the magnitude at which xl(m)+—éﬂ—=0. Set m i, = max{mg, my, )

Assume'mm < TN max- ( Otherwise Ex{ay|H) = 0.)
There is a magnitude , above which all ruptures regardless of location on

the fault will yield a 2 ay: this is the magnitude n, for which

b7 (m,)

z(m)=L~ > (A3)

where
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br(m)=min(d,, 2L) (A4)
(tbet is, if rupture length b, would exceed twice the fault length L, rupture

length is set equal to twice the fault length). Then

_br(my) _
2

for a ur;ique m =m, since both br(m) and R(m) are nondecreasing as m

L VR, (m:)2-P2+X, (A5)

increases. Set

M min Ty SNy
My =] My Mpn<Ty ST g (A8)
mm mmax<mz

The fraction of earthquakes of magnitude m which yield a >a; at (X, P)is

[

0 T S M i
b _
z, (m )+ —
2
) 7 Myyn < Sy,
pr{azay] Hm) = (A7)
1 Ty <M S Momeyx
Thus for X <0,
( :
Ex(a,|H)=rate f fm)pr{aza,|H.m)dm = b rate exp(b mo) (A8)
o 1-exp[—~b (71 max — ™ 0)]
/ 2_pe H
m, Riy(m)*-P2+X +? exp(g m) ™ nax
f exp(—b m) dm + f exp(—-b m)dm].
o L
in My

(Either integral may have a zero range of integration.)

Case 2. 05X §-é—' (Site “above" fault.)

For a magnitude m earthquake all ruptures with midpoints I,,;3 in the range

‘ b b
X—A:c(m)~—§"—'-§lm,~d§X+A:c(m)+——m——

2
’ - .
where A:c(m):\/Rl(m)a_Pz

will contribule to exceedanees of a; at (X,P). Rupture midpoints are restricted

to lie within
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bm
max[X—-Az(m)—-—é—, 0) Sl Smin[X+A1(m)+—%'l, L). (A9)

Several cases must, therefore, be considered.
. bm
(a) Magnitudes m for which X ~ Az (m)——z— 20.

For these magnitudes, even if the fault were longer, any additional ruptures
of length b,, would be too far away from the site at (X,P) to produce

accelerations a 2a,;.
. ; . . bm
Let m, be the magnitude for which equality holds X = Az(m)+ - Define

Ty, as in equation AB. For m oy, Sm Sy, all rupture\s with lm@ in the range

b b
X‘AI(T")'——}@m < X+hx{m)+ 2

will contribute to Ez(a,|H).” This corresponds to a fraction of pogsible

magnitude m earthquakes ’ ¢

Fr(m)= 2Ax(n2)+bm (A10)

FormgmsSm _S_m“l

2V R (m)? - P2+ H exp(g m)
L

pr(azzaliﬁ.m)z (A11)

b
(b) Magnitudes m >m, for which X + Az(m) + zm <7

At these magnitudes, additional ruptures of length b,, would contribute to
accelerations a 2 a,; if the fault extended beyond (0,0) in the negative x-

direction. Adding fault length beyond (L, 0) in the positive x-direction would not
increase the possible ruptures which produce a >a; at (X,P), since X £ %
. . bm
Let m =m,, be the magnitude for which L —-X = A:r(m)+—2* Define m,,

as in equation A8. For m, <m Sy, all magnitude m ruptures for which
bim

will contribute for a fraction
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b
X+A:r(m)+-—é—

fr(m)= I © (A12)

giving for m.ux<m $'rn.u.

\/ﬁ,(m)z-P2+X+ _}Zi exp(g m)
Pr{(a>a,|H,m)=— I (A13)

(c) Megnitudes m,, <m ST ay (M 77 <7 ). »
All earthquakes regardless of location on the [a-ult will contribute to
exceedances 6f aj.
For m,, <m SN ax

/Pr(a >a;}H,m):.1. (A14)

Combining these results yields, for 05X %

"

brate exp{d mg) ! 2R (m)z—P2+H‘ ( )
E H)= _ 1 exp(g m) !
z(a1lH) 1—exp[—b (M max — Mo)] ,;[ exp(~b m) _ L dm !
™. SR _pt H
£ R(m):-P?%+ X + = exp(g m) ™M nax (A15)
2 5
+ fexp(—b m) L dm + f exp(—bm)dm :
my

1 ™

a

Der Kiureghian and Ang (1977) have pointed out that for a site at (X.P).
L ‘ : i .
where 0£X §E. the computation of Ex(a,|H) may be done instead for a site

located at (0,P) for two segments of length X and L —X and results combined so

that (X’P)
(0,00, (x.00 . (L,0)
X P~ L-X—

L-X

. - X
EI(allH)(mgL):EI(al|H)(sch)'Z“’EI(allH)(ng—X) I

(A186)



(The fault may not be treated as two segments in the fcr model, because in that
model possible rupture center locations depend upon both rupture length and
fault length.) Der Kiureghian and Ang also ass;erted that for a site beyond the
end of the fault, X <0 or X >L, a similar decomposition holds.

. .‘();(,P) - / (X<0)-

00 (L.0)
—L-X — )

~  L-X. -X
Bz (ay | H) gty = B2 (@ | H ) egromy g2~ B2 (a3 | H gty . (A17)

While this is true for most rupture lengths, there is one case in which it is

b
not correct. This formulation permits rupture lengths ——g—-—:L - X, on

segment (L-X).
(X

by, /2 5
ST T T T (0,0) " (L,0)

In the case shown,

Iz(7n)+~—b—2’l =L-X,

where ' zi(m)=~Ry(m)?- P%,
so all magnitude m earthquakes on {L,—X), on {—X) and by equation A17 on (L)

contribute to Ez(ay |H Ysegr)- In reality, however, the maximum length rupture
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permitted for segment L is b,, =2L and X + z; + L <0, so magnitude m does not

contribute to Ez (a;|H )(segL)-
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Appendix B
Exceedances of acceleration ag when variability is taken into account for point
source ruptures,

Pexz({ap) is defined as the probability that a random earthquake in the range
moém;émm will cause an acceleration greater than ap at a site when
accelerations are assumed {for each magnitude) to be normally distributed
around the (log) mean acceleration with standard deviation o,. That is, Pez(ag)

is is given by:

Iln(ao)a- In(a) pr{a)da (B1)

az
Pex(ao)=a{‘l -
where
pr{a) = density of (log-mean) acceleratit;n a
a,=lowest (log-mean) acceleration for which pr (a)>0 at the site;
az= highest (log-mean) acceleration for which pr(a) >0 at the site.

For earthquakes in the range mgSm S mp,,, using the Esteva attenuation
gives -
In{fa)=cy+cam +czin{R)

Let
In{a)=1n{ag) — 140,
In(az) = In(ao) + nga,
for the proper ngy, nz.'_ '
Let
w=1n(a)—ln(ti'gj. - REEE S
Then
pr(a)zpr[aoe){p(w)], da = aoexi)(w)dw, and
a0, |

Pez(ag)= [ ¢‘<~-§“;>pr[aoexp(w Y agexp(w)dw. (B2)

Ny

For the point source case, the probability that an acceleration a;>a is
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produced is

mmu

b
1—-exp[-b(mmu_.mo)]"{exp[—b(m—mo)]dm

Pr(a,>d)=.

where for the Esteva attenuation

¢

In(a) — ¢, —czIn(R)
Cz

Mg —

from which (see Appendix C)

b
kb -b - (---1)
pr(a)= ' exp[—b (m, —m,)] da =kzba cy da
CzsQ
where
k= 1
1-exp[-b(mpu—mo)]
b?)
ke=(—)exp[b —+mo]lR '®.
Thus
(‘Ebb) me e . w w
Pex(ag)=kzbag 2 f o{——)exp(—b —) dw.
"ﬂ.lﬂ" UG . c2

Using the relationships
%'(x)= L{1-ert(5)]
2t Jz

aa
4p%

exp{a z) erf (b )= exp(a z) erf (b z)-— —};exp( Yerf(b z — T?’%-)
yields

Pez(ag)=(1-k)¢’ ('f}’-z) +k ¢*(n,)

Cs b . . R
©2) & cy g, b o b o
+kR % ag c2 explb ~—-cl +bmg+ bt uz He'(-ng=——— D-*(n,y - 2 )]
~ Ce . 2cs Ce 2

This is equivalent to Cornell's {1971) result. |
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Appendix C
Calculation of pr(a) from equations 26 and 34.
To calculate the acceleration density pr{a) from the exceedances of a as

given by equations 26 and 34, we note that

' _ 8[1-Ez(a)]
B da )

pr(a)

and differentiate under the integral sign using the following theorem:
If

“1(5)

Qa)= f f (m.a)dm (c2)

\lod

where ug and u; are diflerentiable functions in a closed interval, (apa,); f{(z.a)

i
and fo(m,a) are continuous in the region ag<a <a; and ugp'{a):m <u,(a), then

"1( )
= [ D) o 000) S0 4 1 (uga) (c3)

da u (a) ’

The quantities my in equation 28 and My, and My, in equation 34 enter as
the upper limit of integratiorr in one integral and lower limit in the succeeding
integral. Hence derivatives of 7n with regard to a (the second and third terms
in equation C3) cancel. The only derivative of m with regard to a that rer;xains
occurs at =Ty,

We shall determine the expression for pr{u) specifically for the Esteva

attenuationlna =cy+czm,+cglnR. In this case

am _____a_[lna—c,—calnCD _ 1
da m =1y d l Cg caa

(C4)

VP X>0

VP2+X® 05X

CD =
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and

dRe 2R?

8a cga ’

(C5)

Recall that eartbquakes are restricted to occur in the magnitude range
™Mo S S, and that

mn,, = lowest magnitude which produces acceleration a at (X,P).
TN min = Max{mp. Ty, )

The expression for pr{a) depends upon site location and magnitude limits
m,. and m, (or My ‘rnuz). (The limits ™My, Ty, and m,, are defined as in
equations 28 and 34 and relate to magnitudes above which all earthquakes on
portions of the fault produce acceleration a or gr{eater at (X,P).)

Case 1. Site at (X,P), 0<X.

Using equations 25, C4 and C5, we obtain for pr(a)

1
_NT'}“ exp(—bm) (R 2+ P?) ZR®
T Hemmea

exp(—b M mn)
CazQ

dm; Topmin <y, Mg, = max(me,my,)

pr(a)= NT TMpmin =Ty Mo <7 (C6)

0 ) TR min = TNy Ty, < Mp.

where

rate exp(b mg)

NT = .
1—exp[-b (M max— 70 )]

Case 2. 0sX 5.-121 Using equation 34, C5 and C6 and setting

1

my -1
Ty=— f Rexp(-bm)(RE-P? 2R?Z
o (L-H exp(gm)}caa

dm

M, -1
T?-:_f exp(-bm)(R®-P?) 2R®

[L —H exp(gm)]csa

dm ,
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—

we obtain for pr(a)

pr{d) =]

NT (Tl""Tg) . TN in = M, mm;n<1nur
H exp[mm,n(—b +g))

+ = .
INT (T1+ Ty coall -Hexp(gm)]) Mmin = Myp; Mo <My < Ty,
NT-T, ' Mmin =70 = Ty i Ty, <MNyg
C7)
exp(~b mpm) X (
+ = = .
NT(T, cea [L —H exp(g m)]) THa = Timin = Tyl 0 < Mo
0 m°=m,mn=mua: my, <Tg
exp(— b7 mn)
NT s = TMmin = o = My Mo < Ty
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Appendix D

Decomposition of acceleration exceedances into "point source” and "rupture
length" contributions and comparison of results of series expansion with direct
integration for some cases.

Semple values of Ez{a |fr g;) using the series expansion for Io.J,, Jg, J;
from equations F12 and F17 for an Esteva attenuation are shown.

Table D1 illustrates the contributions of [Ig, Iy, Jp, Jy to the total

exceedances of a; (for several values of a,) at a felt point above the center of

the fault at (—g— .P) as a function of break length

b = expla + fr 0,)exp(g m) = H(fr oy)exp(g m).
Iy, Iy, Jg Jy. are evaluated using equations Fll and, F17 for an Esteva
attenuation lna = 3.44+.89m - 1.17InR. (Correcﬁiod terms from equation F18 for
7=0,1, 2 the upper limit of inteération have been applied to Ig, /).

I, represents accelerations that would occur of breaks were of zero length
or point sources.

Jp is the integral of the "break length term" using denominator L.

I, and J, are first order corrections to Iy for the finite break length
H exp(g m) in the denominator [L — H exp{g m)].

The magnitude rt;r;ge is 4.0Sm £7.5.

The rﬁ'mimum magnitude column gives the lowest magnitude earthquake
(occurring at distance P) that could produce the specified acceleration at
(X, P). My{fr oy) is the minimum of M., and the magnitude beyond which an
earthquake occurring anywhere on the fault would tause a;. The column /g,
represents all earthquakes in the range my(f7 01} Sm Sy

The "sum" column gives the total

Y, =Tp+ Iy +JTo+ T+ 1y
The "analytic" column gives the results of numerically integrating the

original equation.
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Table D2 is similar to table D1 for a felt point above the end of the fault at
(0,P). In this case, Jo=J3=0. Igand /, do nol contain the factor 2 included for
a felt point above the center of the fault since now earthquakes occur only to
one side of (X.P).

Table D1 Illustrating the decomposition of acceleration exceedances into point and
rupture source contributions for a site 10 km or 50 km from the center of a 400 km fault.

Ir I Jo I Jy Tan sum analytic m,;, MMy
: Site at (200,10) a3=100 gals
2 258e3 7.77e5 6996 1.93e-7 0.00e0 2.66e3 2.66e-3 4.38 7.50
2 58e.3 2.57e-4 2.31e5 2.11e6 0.00e0 2.86e-3 2.86e-3 4.38 7.50
2.58e-3 B.52e¢e4 7.67e5 2.32e-5 0.00e0 38.53e-3 3.53e-3 4.38 7.50
2 40e.3 2.74e3 2.18e-4 2.1Be-4 2.07e4 6.B7e-3 5983e-3 4.38 6.91
2 06e.3 7.76e3 4.46e-4 1.54e3 2.35¢3 1.42e-2 1.4Be-2 4.38 5.86
Site at (200,10) a ;=200 gals
2 6.16e-4 3.14e5 2.3%-6 1.32e-7 0.00e-0 550e-4 5.50e-4 516 7.50
.1 5.16e-4 1.04e4 7.91e-6 1.45¢e6 0.00e-0 6.29e-4 6.28e-4 5.16 7.50
0 5.16e-4 3.44e-4 2.62e5 1.59e-5 0.00e0 .9.02e4 9.05e-4 5.16 7.50
1 4.8Be-4 1.08e3 7.40e5 1.50e4 1.12e-4: 1.8le3 1.87e-3 5.16 7.10
2 2.80ed4 2.63e3 9353 7.47e-4 1.96e3 545e3 588e3 516 5.94
. Site at (200,10) a,;=300 gals
2  184e4 180e5 1.20e6 1.0le-7 0.00e-0 2.14e4 2.14e-4 5862 7.50
1 1.04e-4 5.895e5 3.87e-6 1.11e-6 0.00e-0 2.59e-4 2.59%-4 5.62 7.50
O 1.94e-4 1897e-4 1.32e5 1.22e5 0.00e-0 4.17e-4 4.19%-4 562 7.18
1 1.8B0e-4 6.13e-4 3.65e5 1.14e-4 8.25e-5 1.03e-3 1.07e-3 5.62 7.18
2 5.08Be5 8.2le4 2.10e5 3.3le-4 1.8le-3 3.03e-3 3.28e-3 562 5.98
Site at(200,10) a ;=500 gals
2 5.20e-5 B8.33e6 4.4Be-7 6.61e-8 0.00e-0 6.0Be5 6.08¢-5 6.19 7.50
{1 5720e5 2.78e5 1.48e-8 7.25e-7 0.00e0 8.1Be5 8.18e-5 6.19 7.50
0 520e5 9.11e5 4.88e-6 7.85e8 0.00e-0 1.56e-4 1.58e-14  6.19 7.50
1 4.54e-5 2.73e-4 1.20e5 7.23e-5 5.83e5 4.63e4 4.99e-4 6.19 7.25
2 1.16e-3 1.16e-3 1.16e-3 6.18 6.19
_ Site at {(200,50) a;=100 gals
2  1.1Be-4 5.20e5'-°"1.19e-6 4.90e8 0.00e-0 1.24e4 1.24e-4 850 7.50
-1 1.18e-4 1.72e5 3.83e-6 5.37e-7 0.00e0 1.38%e-4 1.40e-4 8.50 7.50
0 . 1.1Be-4 5.70e5 1.30e5 6.89e-5 0.00e0 1.94e4 196e4 650 7.50
1 6.42e5 1.22e4 1.80e5 3.4Be-5 1.5le4 3.9le4 4.14e-4 650 7.01
‘ 5.87e-4 5.73e-4 5.87e-4 5.73e-4 6.50 6.50
Site at {(200,50) a ;=200 gals
2 4.8le6 7.20e-7 7.77e8 1.0le8 0.00e0 56le8 585¢-6 7.28 7.50
1 4.Ble6 2.39e6 2.24e-7 1.10e-7 0.00e-0 7.53e06 7.80e-6 7.28 7.50
0 4.Blef 7.90e6 7.43e-7 1.21e6 0.00e0 1.47e5 1.53e-5 7.28 7.50
1 3.88e-8 - 1.Ble-6 4.33e5 4:77e¢5 5.12e-5 7.28 7.31
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Table D2. Ilustrating the decomposition of acceleration exceedances into point and
rupture sources for sites 10km and 50 km from the end of a 400 km fault.
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r}r Jo I,y Ian sum analytic mpmy Mg
Site at (X,O) ay=100 gals
-2 1.29e-3 3.50e-8 0.00e+0 1.28e-3 1.28e-3 4.38 7.50
-1 1.29e¢-3 1.16e-5 0.00+0  1.30e-3 1.30e-3 4.38 7.50
0 1.29e-3 3.B3e56 0.00+0 1.33e-3 1.33e-3 4.38 7.50
"1 1.28e-3 1.27e-4 0.00e+0 1.41e-3 1.45e-3 4.38 7.50
2. 121e-3 3.30e-4 4.1Be-4 1.96e-3 2.25e-3 4.38 6.64
Site at (0,10) @ =200 gals
-2 2.58e-4 1.19e-8 0.00e+0 2.5%e-4 2.59e-4 5.16 7.50
-1 2.58e-4 3.86e-8 0.00e+0 2.62e-4 2624 516 7.50
0 2.58e-4 1.31e-5 0.00e+0 2.7le-4 2.72e-4 5.16 7.50
1 2.58e-4 4.34e-5 0.00e+0 3.0le4 3.16e-4 516 7.50
2 223e4 9.95¢e5 3.48e-4 6.70e-4 8.3%e-4 516 B.71
Site at (0,10) @ ;=300 gals
2 9.71e-5 6.00e-7 0.00e+0 9.77e-5 9.77¢e-5 562 7.50
-1 9.71e-5 1.99¢-6 0.00e+0 9.9le-5 9.92e.5 562 7.50
o 9.71e-5 6.58e-8 0.00e+0 1.04e-4 1.04e-4 562 7.50
1 9.71e-5 2.18e-5 0.00e+0 1.19e-4 1.2Be-4 562 7.50
2 7.46e-5 4.31e5 3.23e-4 4.4le-4 557e-4 562 B.74
Site at (0,10) a,=500 gals ’
-2 2.60e-5 2.23e.7 0.00e-0 262e-5 2625 618 7.50
-1 2.60e-5 7.39e.7 0.00e-0 267e-5 2.68e-5 6.19 7.50
0 2.60e-5 2.45e-8 0.00e-0 284e5 2875 6.19 7.50
1 2.60e-5 B.10e-6 0.00e-0 3.41e.5 3.87e-5 86.19 7.50
2 1.35e-5 1.04e-5 3.0le-4 325e-4 3.8B6e4 619 6.77
Site at(0,50) a ;=60 gals
2 2.44e-4 1.8Ble-6 0.00e-0 246e-4 2.46e-4 592 7.50
-1 2.44e-4 5.98e-5 0.00e-0 2.50e-4 250e-4 592 7.50
0 2.44e-4 1.88e5 0.00e-0 264e-4 2.66e-4 582 7.50
1 2.44e-4 6.56e5 0.00e-0 3.10e-4 3.42¢4 5982 7.50
2 1.33e-4 B.42e-5 4.6le4 6.78e-4 8.59%-4 592 6.60
C Site at {0,50) a1=100 gals
-2 5.89e-5 5.93e-7 0.00e-0 5.95¢-5 5955 6.50 7.50
-1 5.80e-5 1.97e-8 0.00e-0 6.09e-5 6.10e-5 6.50 7.50
0 5.80e-5 6.51le-6 0.00e-0 6.54e5 8.63e-5 6.50 7.50
1 5.88e-5 -"2.15e-6 0.00e-0 8.05e-5 9.48e-5 6.50 7.50
2 1.09e-5 9.13e-8 3.48e-4 3.6Be-4 4.32e-4 8.50 6.71
Site at (0,50) a ;=200 gals
2 2.41e-6 3.39e.8 0.00e-0 2.44e-6 256e6 7.28 7.50
-1 2.41e-6 1.12e-7 0.00e-0 252e6 1.65¢-6 7.28 7.50
o 2.41e-6 3.71e7 0.00e-0 2.78¢e-6 2.99e6 7.28 7.50
1 2.41e8 1.23e8 0.00e-0 3.64e6 525e8 7.28 7.50
| 2 __B.20e.7 _-1.39e6 5.17e5 _4.9%e-5 5.17e5 _7.28  7.28




Appendix E

Tables to illustrate how acceleration exceedances vary as a function of site
location, rupture model, attenuation function and rupture length.

Tabular entries show yearly exceedance rates of 100 gals (.1g) multiplied by
10%. Absolute values are not intended to be significant; only relative values are
meaningful for comparison between models, etc. Results will be given for three
cases.

Case 1: fcr (fault contained rupture) model: ruptures wholly contained within
fault limits; Esteva attenuation

1nﬁ=3.4+.89m-1.1'?1nR (E1)
Case 2: der Kiureghian and Ang modsl: rupture midpoints only must be on the
fault; ruptures may extend beyond end of fault by one-half rupture length.
Same attenuation function as Case 1.
Case 3: fcr model using Schnabel and Seed (1973) attenuation curve.s.

Results are for a fault 400 km long, located on the X-axis from (0,0)--(400,0).
Site is located at (X.P). Column headings give X coordinate of site {from 200
km, directly above the center of the fault to -50 km beyond end of fault.) Row
headings give P coordinate where

P= m if equation Elis used; R = W
P =Y if Schnabel and Seed attenuation is used.

Input values b=2 (see model assumption 4), rate=.1 earthquakes per year,
and magnitude range 4.05m £'7.5 are used. The rupture length-magnitude
relationship is from Bonilla and Buchanan {(1970):

logyp=-1.085+.389m +.52 fr
where .52 = 0y, standard deviation in log rupture length.

Ez{a|fr 0;) shown correspond to fr=~2 (short), fr =0 (median), fr =.313
(average) and fr =2 (long) ruptures. Thé result integrated over rupture length

~1.55 fr £1.5 is also given. [£Ez(a].3130;)] may be compared with the
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integrated result £z (a).]

Two results Pez(a|.3130;) are also shown for Case 1 when integration is done
over acceleration variability, for o,=.6 and o,=.3 for accelerations lognormally
distributed around their median (mean log) values.

"average" or mean length.) These integrated results should be compared with

Ez(a|.3130;) for Case 1 in which g4 =0.

Case 1. fcr model, Esteva attenuation
(12) Exceedances of 100 gals for very short ruptures (-2 0;)

85

100

200 100
2660 2660
811 810
382 382
211 211
124 124
57 /7
23 23
3 3

<00 100
3533 3513
1136 1117
559 542
320 307
196 186
96 80
43 40

6 6

100

200 100
3988 39846
1312 1273
857 622
383 353
238 214
120 103

55 46

9 8

Ez(100|—20;) 10°
X

2632 2179 1281
786 565 392
362 245 184
186 129 101
114 74 60

H2 33 27
22 14 11
3 2 1

80 10 0
2410 2443 1328
1028 607 413

470 265 198

252 142 111
- 145 83 66

66 38 31
28 16 13

80 10 0
3790 2521 1348
1138 623 425

815 275 206

272 149 117

166 87 70

71 41 33
30 17 14

67

762
301
153
87
52
24
10

780
319
165
96
58
27
i1

329
172
101
62
29
12

(Rupture length 3.130; is

s . v . e o —— . - ——— — —— > — —— e —— — o — —— ——— i —— — —— —

e e e e e e o e e e e e e - A e - —

e 4 . e . —— . e A e = e e e = i y - — —




(1d) Exceedances of 100 gals for very long ruptures (2 ay).

10
20
30
40
60
85
80
100

(1e) Exceedances of 100 gals integrated over rupture length,

e o o ——— o ——— —— . e A e -~ —— — —— —— —— — — —

P | zo0
10 | 4024
20 | 1330
30 | 667
40 | 388
50 | 240
65 | 118
BO 53
100 9

100
3963
1274

617

347

209

101
45

Case 2. der-Kiureghian and Ang model. Esteva attenuation

(2a) Exceedances of 100 gals for very short ruptures (—20;)

P | 200
10 | 2561
20 | 8086
30 | 379
40 | 209
50 | 123
65 56
80 23
| 100_ 3

P | 200
10 | 3425
20 | 1073
30 | 516
40 | 290
50 | 175
65 B4
8o | 37
(100 |__5

100
2650
806
378
209
123
56
23

68

Ez (100 |20,)10°

200 100 50 10 0 -5 -10 -50
14804 13282 8542 3719 2247 1570 1125 339
5272 4008 2614 14186 1104 950 B12 323
24208 1868 1368 888 756 689 624 300
1128 1047 862 636 567 530 494 263
587 587 559 468 432 412 391 182

249 248 249 249 249 247 239 04

106 106 106 1086 106 105 102 37
418 __ 18 __18___18___18___18 __ 17 __ QO

-1.55fr S1.5fr.

Ez(100) 108
X __
80 10 0 ) -10
3763 2465 1356 811 472
1110 629 431 334 251
500 281 212 177 145
268 164 121 105 90
157 g2 74 65 57
74 44 36 32 28
33 19 16 14 12
L __8____7____ S___8___2__2 _ 1t __0
Ez(100|-20,) 108
X ____
S0 10 0 -5 -10
2625 2195 1325 793 458
784 574 403 312 232
361 250 180 189 129
196 132 104 80 77
114 76 61 54 47
52 34 28 25 22
22 14 12 10 8
| __3____3_ ___ 3___®2___1__1_ _1__0
Ez(100|0g;) 108
X
S0 10 0 -5 -10
3366 2712 1712 1142 713
1022 720 536 443 353
474 321 258 227 195
258 173 145 131 117
151 102 87 80 73
71 48 42 39 36
31 21 18 17 16
5 3__¢3___2__2_ ___




— - ——— . ——— - — - ——— e . . —— —— =~ —— — — = ———— —— - — -

P 200 100 50 10 0 -5 -10 -850
10 | 3812 3802 3732 2954 1806 1328 859 80
20 | 1206 1197 1136 789 603 510 418 70
30 584 Y4 527 255 292 261 229 57
40 331 325 287 196 166 151 137 44
. 50 201 186 168 115 100 93 86 32

65 97 85 79 55 49 46 42 18

80 43 43 35 24 22 20 19 ]
100 7 7 8 4 3 3 3 1

O T . = e e SR SO E Y

P 200 100 50 10 0 -5 -10 -50
10 | 11684 11410 10544 7117 - 5853 5371 4788 1356
20 3776 3528 2819 2181 1895 1803 1810 1067
30 1804 1600 1309 1066 1004 973 842 694
40 847 848 721 615 o588 574 561 450
50 568 495 435 382 368 361 355 208
€65 249 235 215 195 189 187 186 160
80 106 105 100 94 91 90 88 78
100 18 18 18 18 18 17 17 15

oA R SNSRI U~ G g ARG . PO o= QSO VUSROG SRR g

e e o ——— - . — . ——— o —

P 200 100 50 10 0 5 -10 -50
10 | 3813 3788 3720 2921 1907 1340 893 94
20 | 12086 1192 1125 785 603 511 421 82
30 | 584 572 519 355 292 261 230 86
40 330 320 281 194 166 151 137 50
50 200 192° 165 115 100 03 86 36
65 87 92 77 55 48 46 42 20
80 43 41 34 24 22 20 19 9
100 7 8 5 4 3 3 3 1

b — e e e, T e e e e e e e

Case 3. fcr model, Schnabel and Seed attennation

{3a) Exceedances of 100 gz;ls for very short ruptures (—2a;)

e e e e e e . . s . o ——

P 200 100 50 10 0 5 -10 -50
10 { 1157 1157 " 1143 775  .-564 455 355 10
20 827 827 816 548 402 328 257 7

30 479 479 471 326 230 181 136 S
40 182 182 . 178 118 86 70 54 2
50 | . 69 69 68 43 33 27 22 0
65 ~ 15 15 15 10 7 6 4 ¢
| 100 0 0 0 0 0 0 0 Y
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(3b) Exceedances of 100 gals for median ruptures (00;)

Ez(100| 00, ) 10°
2 X
P | 200 100 50 10 0 5  -10 -50
10 | 1519 1510 1407 818 589 478 373 11
20 | 1117 1109 1024 578 422 345 271 9
30| 703 696 634 349 245 193 146 5
40 | 208 294 252 131 94 76 59 2
50 | 123 120 93 48 36 31 25 1
65 34 34 24 11 8 6 5 0
0

80 0 0 0 0 o 0 0

———d—_e—,—,—— e e e P e e e ——

(3c) Exceedances of 100 gals for mean length ruptures (.3130;)

P 200 100 S0 10 0 -3 -10 -850
10 | 1714 1687 1517 836 603 488 382 12
20 | 1274 1249 1108 583 434 355 280 9
30 826 805 700 360 253 200 152 6
40 211 211 186 1280 101 87 74 2
S0 155 143 100 51 39 33 27 i

0

0

85 45 41 26 12 9 7 ]
86 | __o0___O0___O0__O0__0__0 _0_ _0

P 200 100 50 10 0 -5 -10 -60
10 |§ 6167 4738 31256 1743 1385 1206 1037 299
20 | 4773 3548 2405 1401 1137 1006 874 283
30 | 3469 2556 1761 1038 844 745 651 214
40 | 1348 11BS 225 632 545 499 454 122
50 | 415 415 416 380 356 341 324 47
65 109 109 109 109 109 107 100 0
1100 0 0 0 0 0 0 0 0

-80
10 | 1741 1684 148B3 842 609 484 387 13
20 | 1297 1245 1075 600 439 360 284 10
30 846 801 674 365 258 205 155 7
40 377 342 287 141 102 83 65 3
80 160 137 102 54 42 35 23 1
65 46 39 <8 14 10 8 6 0
1 100 0 0 a 0 0 0 0 4]

—_——— e e e e e Y e P e e e e e Y
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Exceedances of 100 gals integraled over variability in acceleration for fcr model, Esteva
attenuation.

(4a) Excccdancces of 100 gals intcgrated over acccleration
variability (o, =.3) using "mean” rupture length (.313¢,)

P | 200 100 60 10 ) 5 -10 -50
' 10 | 4443 4408 4256 2895 1565 986 575 39
' 20 | 1512 1474 1335 754 511 407 306 35
30 | 763 727 614 336 252 217 178 30
40 | 451 418 333 185 146 130 111 24
50 | 286 259 196 112 91 83 72 18
65 | 152 133 26 57 47 43 39 11
80 81 68 48 29 24 23 20 6
| 100_| _ 32 26 18 11 9 9 8__3

e e e e e e e et e e M e S e Y

(4b) Exceedances of 100 gals integrated over acceleration
variability (o, =.B) using “mean” rupture length (.3130;)

P 200 100 50 10 0 -5 -10 -850
10 | 5348 5302 5101 3378 2059 1468 967 88
20 | 2380 2334 2167 1330 805 735 557 81
30 | 1227 1181 1033 609 460 402 334 71
40 742 699 583 346 277 252 219 81
50 489 452 363 221 183 170 15 80
865 286 2587 199 126 108 102 93 37
80 178 158 118 78 68 65 60 27
| 100_ | 89 85 64 44 39 37 35 __18
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Appendix F

Discussion and derivation of I,(H) (equaton 53) for the Esteva attenuation

function.

From equation 52,

T 2exp(—b m)V/Ry(m )2 P?

N, :
dm = ), I, (H)
n=0

NT
™ eni L -H exp(-g m)
where
eNTH™ 5=
I.(H) = ——1,’7“—'”— f exp(~b m)VR(m)2—-P2exp(ngm)dm
. moin
NT = b exp(b myp)rate

1= exp[~b (Mmu—0)]

For the Esteva attenuation function

Ina=c,+cpm +czglnR{(m); c3<0.

and

Ry(m)?=K exp(c m)

where

2

< -~2cC
K=a;3 exp( = 2.

—2¢
i c=
Cs. Cs

-

R (i mun)? = K exp(c M) = P>

Rl(mmax)ezKexp(c mmu)-

Define & new variable w:

w =

2
P _ P2exp(~cm)
R K
Then (assuming P ¥ 0), equation F2 may be written:
1 b-ng 8
I.(H)=2Q,(H) w * *Vi-w dw
(g)*

where
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(F1)

(F2)

(F3)

(F4)

(F5)

For m ;. the lowest magnitude produciné acceleration a; at a site at (X,P),

(F8)

(F7)

(¥8)

(F9)



b-ng >
e P

Q.(H)=NT —+

H" lK (F10)

Ln-ol PZ

c .

Using the relationshbip, which is valid for m, n >0,

f::"‘"(l-—:r)""dz= H{m ) Hn (F11)

A I'(m+n)

i ._b_:—'w->% (an inequality which, depending on parameter values, may possibly
c .

bold only for n as low as zero or one) equation F9 may be written:

P
3, ,b-ng 1 im0y
L(H)=2Qn(H)T(S)N(—L - =) Filmma)™ (bong 5
n(H)=2Qn(H)T(5 c 2 _TF D (F12)
r(b_—c;”i+1) o

The second term in equation F12 would vanish if an infinite maximum

magnitude were permitted. The upper limi{ of integration l

i)
R l(mmu)

actually a function of magnitude difference T ex— T mn SiDCE

P 2 2cz
R l(mmu) - exp[ cs (mmu - mmin)] . (Fl‘a)
P ” M " .
AS Tin=Tmax» R (o) -+1 and the 'correction” term approaches the
max .

2
principal term. However, if Ry(m ,.,)>>P, the correction term is small, w=

IR
remains small, and a few terms of the series give a good approximation to
w 2wt J a
\/l—wﬁl———————+~--zsjw’. (F14)
2 8 =0
and the second term of equation F12 may be approximated by
__F )B ( Lid 2
Rylnaxy”  (bomg j Rilmod’ bng 3
f w ° 8\/1—- dw =), f w € 2wIs;dw  (F15)
0 J=0 o
b— 1
( P )?-('—cnl*i“g)
— és ) R i(mmu)
j=o’ b-ng . 1

c J 2

The ratio of the third term to the second in the surmmation is less than

)



2
1 P P
——|————- and for ——— < .6, for example, using as few as two terms of
4 Rl(mmu)] RI(.""ww.x) P &

the series will give less than 10% error.

P =1, or that

Note that these approximations require that ——F—=
: R (7 mgn)

TN, = mg. Again observe that for accelerations which would be obtained at
magnitudes ‘mm Sy, the "artificial restriction that all earthquakes occur at

magnitudes m 2y complicates the mathematics and meay distert the results.

(b) Integration of J, (H)--equation 55. The J,, terms may be integrated directly

giving

.Jn(é)z exp[(~b +(n+1)g )m ] ﬁ—l(nm T (F16)

—-b+(n+1)g L NT |

T ="M in
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